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Abstract 
Wallrock alteration associated with the World -class, vein-gold deposits of the Bendigo 
goldfield is more extensive than has been previously documented. Alteration is 
characterised by the development of a pervasive and extensive carbonate alteration halo, 
as well as a somewhat lesser sulphide alteration halo. Alteration features observed 
resulted from the passage of large volumes of hydrothermal fluids over a protracted 
period, with alteration features being centred on major structures that acted as the main 
fluid conduits. The location and history of the evolution of these structures was a 
dominant control on the location, intensity and extent of wallrock alteration developed. 
Alteration carbonates and sulphides extend over 200 m from both the Debora h and 
Sheepshead anticlinal structures, suggesting significant fluid pressure at some time during 
the passage of hydrothermal fluids and resulting in the extensive movement of 
hydrothermal fluids through the wallrock. The alteration halo developed at Bendi go is 
more extensive than that reported from other central Victorian deposits, which correlates 
with the fact that Bendigo is the largest gold -producing field in the region. Likewise, 
alteration observed at Bendigo is more extensive than has been reported from other 
turbidite-hosted deposits overseas. 
Alteration carbonates at Bendigo occur as zoned and un -zoned porphyroblasts, as well as 
zones of intense carbonatisation within permeable sandstone beds. O n the small scale, the 
prevalence of carbonate withi n individual beds is related to the intensity of minor quartz -
carbonate veining. However, on the deposit scale, the carbonate content of wallrocks is 
directly related to their proximity to major hydrothermal fluid conduits, which usually 
occur within the hinges of anticlinal structures. The composition of alteration carbonates 
trends from ankerite through to siderite and magnesian siderite with time, as evidenced by 
the presence of an extensive ankerite porphyroblast alteration halo, with a lesser 
siderite/Mg siderite halo where siderite and M g -siderite most commonly occur as rims to 
the ankeritic cores of zones porphyroblasts closer to mineralisation. The bulk of carbonate 
porphyroblasts appear to post -date the dominant S i foliation, however many are elonga ted 
parallel to Si, suggesting a pre- to syn-Si timing. It is likely that carbonate phases 
preferentially developed on, and replaced, pre -existing Fe- and Mg-bearing phases. This 
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interpretation is supported by a decrease in the chlorite content of wallrock s within 40 m 
of mineralised structures. 
Of the sulphide phases present, pyrite and arsenopyrite are by far the most prevalent. 
Pyrite occurs as disseminations, isolated euhedra, and trains of euhedra oriented parallel 
to both bedding and the dominant S i foliation which forms an axial planar cleavage to 
major Fi fold structures. The distribution of pyrite throughout the wallrock sediments 
appears to be less obviously controlled by the proximity of major fluid conduits compared 
to the distribution of carbonate phases. Other sulphide phases present include 
chalcopyrite, sphalerite, galena, and a range of A s -Sb-Ni-Co-bearing sulphides that occur 
in very minor quantities adjacent to major mineralised structures. The bulk of these less 
prevalent sulphides occur in association with enigmatic pre- to syn-Sj quartz 
porphyroblasts. The presence of As-Sb-Ni-Co-bearing sulphides within these quartz 
porphyroblasts is restricted to wallrock sediments within 20 m of major mineralised 
structures. Likewise, other minor sulphide phases including chalcopyrite, galena and 
sphalerite are restricted in their occurrence to wallrock sediments closer to mineralised 
structures. The presence of arsenopyrite laths and twins within wallrock sediments is 
diagnostic of the presence of au riferous structures, as visible arsenopyrite is restricted in 
its occurrence in wallrock sediments to within around 10 m of mineralised veins. 
Arsenopyrite twins and laths are often fractured and possess quartz + chlorite + 
carbonate-filled pressure shadows suggesting development prior to the cessation of 
deformation. The extent and intensity of arsenopyrite lath development varies with 
lithology, with arsenopyrite occurring as smaller, more prevalent laths and twins in 
sandstone units that intersect miner alised structures, whereas larger more dispersed laths 
seem to occur within slate samples. 
There exists a clearly visible alteration zoning centred on major mineralised structures 
which consists a broad carbonate alteration halo within which there exist s an inner halo of 
zoned carbonate porphyroblasts containing much siderite, as well as sulphidic quartz 
porphyroblasts and, closer in again, wallrock arsenopyrite. Likewise, there exists a 
distinct geochemical halo surrounding major mineralised structures. This reflects the 
effects ofthe bulk chemical changes caused by the infiltration ofthe hydrothermal fluids. 
It should be noted, however, that some of the observed geochemical changes m a y reflect 
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in part the influence of increased strain in zones of hig h stress within the cores of major 
anticlinal structures. The removal of material adjacent to these zones is also evidenced by 
significant volume loss. Major element trends observed from samples taken from the 
Sheepshead and Deborah lines at Bendigo reveal significant increases in S, K 2 0 , P 20 5, 
Fe20 3, M g O and volatiles, as well as decreases in N a 2 0 and Si02, as major mineralised 
structures are approached. Interpretation of major element trends is somewhat 
complicated as a result of the constant sum problem which occurs as a result of 
desilicification adjacent to major auriferous structures in the cores of anticlines. The 
varying lithological composition of samples also complicates interpretation of the 
geochemical data. 
Trace element analysis of wallrock samples reveal distinct increases in Au, As, Sb, Cu, 
C o M o and, to a lesser extent, Ag, Pb and Zn levels as major mineralised structures are 
approached. Interestingly, Cr levels are seen to decrease directly adjacent to mineralised 
structures. This reduction in Cr levels has been reported elsewhere in central Victoria. 
Geochemical analysis also revealed significantly different trends within different 
lithologies for several species. Again, this probably reflects different hydrothermal fluid 
flow regimes within rock types of differing porosity and permeability. Background 
values calculated for the bulk of the trace element species indicate that slate units were 
preferentially enriched with respect to these elements in comparison to sandstone 
samples. This trend was seen using many of the techniques trialed in this study, with the 
results returned by slate samples being far more reliable and less erratic. 
Trace and major element geochemical trends are indicative of a more extensive inner 
zone of alteration than is visible either in drill core or outcrop. Arsenic levels are elevated 
within 40 m ofthe mineralisation on the Sheepshead anticline, whereas gold levels within 
wallrock sediments are significantly elevated within 7 m of mineralisation. Similarly 
minor reductions in Cr levels occur up to 45 m from mineralised structures with strong 
reductions within 7 m of these structures. Copper, Co, Pb and Z n levels are all elevated 
significantly within approximately 10 metres of major mineralised structures, wherea s Sb 
and M o were only detected in two samples directly adjacent to mineralisation on the 
Sheepshead anticline. A s noted above, the bulk of these observations are based on results 
returned from slate samples, with sandstone samples displaying either no, or significantly 
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repressed trends. Interestingly, elevated trace element levels were also observed from 
samples within synclinal hinge zones suggesting the occurrence of lesser hydrothermal 
fluid flow there. 
Background and threshold values for a range of tra ce elements have been calculated from 
pre-existing W M C and Bendigo exploration drilling records. Values for some ofthe more 
diagnostic trace element species include background values of 20 p p m As, 25 p p m Cu, 80 
p p m Zn, and 25 p p m Pb. Threshold values for these same species are 70 ppm As, 60 ppm 
Cu, 180 p p m Zn, and 80 ppm Pb. It should be noted that the values given may be slightly 
elevated as the data set from which the figures were calculated included geochemical data 
from vein material, which would be expected to be enriched relative to wallrocks. 
Statistical analysis of the data also allowed for the identification of elements that were 
most likely introduced into the wallrocks with the hydrothermal fluids. Not surprisingly, 
the elements identified include Au, As, Sb, M o , C 0 2 and S. 
Erratic oxygen isotope data from wallrock sediments within 20 m of major mineralised 
structures, coupled with the data falling within the range calculated for sedimentary and 
metamorphic rocks, suggesting the introduction o f isotopically distinct oxygen with C 0 2 -
rich sedimentary- or metamorphic-derived hydrothermal fluids. Carbon isotope data are 
also suggestive ofthe introduction of hydrothermal fluids enriched in 13C, with isotopic 
resetting extending some 70 m from mineralisation and strong resetting occurring within 
5 metres of mineralisation. Carbon isotope values observed are suggestive of a marine 
derivation for carbon. Likewise, sulphur isotope data is suggestive of isotopic resetting, 
with an external source for sul phur being likely. 
The extensive wallrock alteration halo observed at Bendigo formed as a result of 
metamorphic dewatering at depth, which in turn resulted in the upward migration of 
hydrothermal fluids through structural pathways. Where sufficient fluid pressure existed, 
these hydrothermal fluids also traveled through wallrock sediments. Siliceous, C02-rich 
fluids evolving form CaO-FeO-rich to Mg-rich with time, carrying minor gold and arsenic 
as well as a number of other trace elements deposited silica as quartz, a range of 
carbonate phases, and sulphides both within fluid pathways (veins) as well as within the 
wallrock sediments. These same fluids also partially destroyed albite and chlorite, may 
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have facilitated the removal of silica, and probably pi ayed some part in the 
folding/faulting process by acting to lubricate fault and slip surfaces. These processes 
have resulted in the formation of one ofthe worlds largest auriferous quartz vein systems, 
with mineralisation centred on faults, fractures and bedding planes, usually within the 
cores of anticlinal structures that are enveloped in turn by an extensive zone of altered 
wallrock. 
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Chapter 1: Introduction 
Turbidite-hosted orogenic vein-gold occurrences of the Bendigo goldfield in central 
Victoria, Australia, comprise the largest field of this type in Victoria, and one of the 
largest in the world (Ramsay et al., 1998). The deposits produced over 22 million ounces 
of gold between 1851 and 1954, and boast, what were at the time of development last 
century, the deepest mines in the world (Sharpe and MacGeehan, 1990). Such were the 
riches of the Bendigo goldfield, that its development, along with other large gold 
producing regions in Victoria, contributed significantly to the economic and cultural 
growth ofthe state, and indeed the country, in the latter -half of the 19 th century. 
The gold-bearing quartz reefs typically contained free g old and were continuous north -
south along strike for several kilometres (Sharpe and MacGeehan, 1990). These gold 
vein systems were initially worked at surface with hammers and chisels, subsequent to 
near exhaustion of richer alluvial deposits. Progressiv ely, more mechanized techniques 
were employed as miners chased the reefs at depth. It soon became apparent that the N -S 
elongated reefs (or ribbons) were repeated at regular intervals with depth, and miners 
used this knowledge to turn the field into, what is still today, Australia's second largest 
goldfield (second only to the Golden Mile at Kalgoorlie, in Western Australia). 
The development of gold-bearing quartz vein systems within the tufbiditic sediments of 
Bendigo, as well as throughout central Victo ria, is thought to involve the movement of 
hot, gold-bearing fluids up through the sediment pile via faults and fractures to sites of 
deposition in faults, fractures, openings on fold hinges, and various other spaces. The 
movement of these auriferous hydro thermal fluids occurs not only within open dilational 
sites, but also within and through the rock mass itself. The passage of these fluids 
through anisotropic folded sediments results in the precipitation of various mineral phases 
and the partial to complete destruction of primary sedimentary and metamorphic 
minerals, as well as changes in the physical and chemical properties of the rocks. This 
process is known as wall rock alteration, and varies in intensity and extent from deposit to 
deposit. The identification of altered wall rocks can be a useful indicator ofthe passage 
of hydrothermal fluids, and can be indicative of nearby auriferous structures. 
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A s deep mining activity increased, so too did the understanding of the morphology, 
genesis and location of gold-bearing structures. Gold-bearing quartz veins within the 
Bendigo goldfield, as well as elsewhere in central Victoria, were known historically to 
have been surrounded by narrow haloes of sulphide minerals. However , the significance 
of these alteration features was lost on early miners, and has only recently been fully 
investigated. 
Recognition of wall rock alteration associated with the gold deposits of central Victoria 
(Stuwe et al., 1988; Binns and Eames, 1989; Fuller, 1995; Besanko, 1996; Gao and 
Kwak, 1997; Li and K w a k , 1996; Bierlein et al., 1998a), has allowed for a more 
developed understanding of the genesis and controls on mineralisation within these 
deposits (refer chapter 2), as well as putting subtle differences between deposits into 
context. Wall rock alteration in the Bendigo goldfield has been characterized in the past 
as limited and of a sporadic nature. Studies undertaken by Li and K w a k (1996) and Li et 
al. (1998), have identified extensive and pervasive wall rock alteration from the southern 
portion of central Victoria's largest goldfield. 
1.1 Rationale 
Further investigation into the nature and extent of wall rock alteration surrounding 
auriferous quartz vein systems in Bendigo is critical in understanding the processes and 
mechanisms involved in the formation of this world -class goldfield. Wall rock alteration 
is intimately linked with the movement of gold -bearing hydrothermal fluids through the 
rocks adjacent to auriferous structures, and acts as a record of conditions, both phys ical 
and chemical, of the fluid during mineralisation. Unraveling wall rock alteration within 
the Bendigo goldfield allows us to better understand the mechanisms of gold 
precipitation, and also allows for the identification of zones within the field that m a y be 
more prospective for high -grade gold mineralisation. A s such, a developed understanding 
of wall rock alteration and its spatial variation, provides those exploring for gold in the 
Bendigo field, and others like it, with a powerful tool for predicti ng the location of 
mineralised structures 
2 
1.2 Statement ofthe Problem 
Recent investigations into wall rock alteration associated with the turbidite -hosted gold 
deposits of central Victoria, Australia, have shown significant interaction between the 
hydrothermal gold-bearing fluids and wall rock sediments. This study seeks to redress the 
paucity of information relating to wall rock alteration and its relationship to gold 
mineralisation within the largest of Victoria's goldfields, the Bendigo goldfield. 
Furthering the understanding of wallrock alteration within the Bendigo field, as well as 
assisting those exploring for gold in this environment, are key objectives of this study. 
1.3 Facets of this Study 
Key facets of this study include: 
• The characterisation of physical and chemical changes associated with wall rock 
alteration adjacent to mineralised structures 
• Identification of the paragenetic sequence of alteration mineral phases. 
• Identification of different phases of alteration relating to separa te mineralising 
events (if any) within the Bendigo goldfield. 
• The application of various analytical techniques in attempting to identify the 
method or methods most applicable for use in the exploration for mineralised 
structures at Bendigo. 
• Identification of the major factors controlling the intensity and extent of wall rock 
alteration within the Bendigo field. 
• Comparing the nature, intensity and extent of wall rock alteration within the 
Bendigo goldfield with alteration from other turbidite -hosted deposits within 
central Victoria, and elsewhere in the world. 
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1.4 Scope and Limitations 
The sheer size of the Bendigo goldfield makes detailed study of the entire field 
problematic, hence this study will focus primarily on the Deborah, and Sheepshead lines 
of lode within the Bendigo goldfield. These are areas of interest for Bendigo Mining N.L. 
with respect to their current decline development and propose d underground mining 
operations. This study, being primarily concerned with wall rock alteration effects , will 
be limited in its investigation ofthe mineralised veins themselves. Detailed investigation 
into structural and mineralogical aspects of the various vein types within the Bendigo 
goldfield can be found in Schaubs (1999). 
Samples analysed using vari ous techniques in this study were obtained from a range of 
localities, including 12 diamond drill holes, underground exposure at the Central Deborah 
mine and Bendigo Mining's Swan Decline, and the Victoria Hill historic reserve. Samples 
were selected to be representative of a variety of rocks types and locations within the 
mineralised system. Due to the number of analytical techniques applied in this study, the 
number of samples analysed has been limited in order to meet reporting deadlines and 
financial constraints. However, samples were carefully chosen so as to be representative 
and to allow meaningful interpretations. 
1.5 General Research Methodology 
Various techniques have been employed during the investigation of wall rock alteration in 
the Bendigo goldfield. As mentioned previously, this range of techniques has been 
applied to allow an integrated, more holistic approach to the study. The design of this 
study was structured around an initial period of visual assessment of wall rock alteration 
from drill core, as well as underground and surface exposure. Subsequent reconnaissance 
sampling and analysis was undertaken to assess the geochemical signature of samples 
from a variety of rock types from different locations within the hydrothermal system, 
including fresh and weathered samples. Further detailed sampling was undertaken from a 
single diamond drill hole (BD4) that offered a complete horizontal traverse across the 
Sheepshead anticline, as well as from a longitudinal traverse at Central Deborah, and a 
strongly deformed and sheared quartz vein-rich section within the Swan Decline. 
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The sampling program undertaken from diamond drill hole B D 4 was structured such that 
samples of both fine grained and coarse grained lithologies ranging from adjacent to 
mineralisation to over 150 metres from mineralisation were collected. This allowed 
subsequent comparison between strongly and relatively weakly altered samples for a 
range of lithologies. A group of samples taken from diamond drill hole SddOl, which was 
drilled on the Deborah anticline several hundred metres to the south of the main study 
area, were taken to allow comparison between samples taken adj acent to auriferous 
structures and samples adjacent to a large quartz vein system that is barren, according to 
geochemical analysis. The sample traverse at the Central Deborah tourist mine was 
undertaken in an attempt to assess lateral variations in wall rock alteration within a single 
graded sandstone bed over a twelve -metre interval adjacent to a large auriferous spur 
vein. Sampling within the Swan Decline was undertaken over a -30 metre interval to 
assess wall rock alteration effects adjacent to a barren, quartz -chlorite veined section. 
Research methods undertaken in the course of mis study include: 
Visual assessment of wall rock alteration from diamond drill core through core 
logging, and mapping of surface and underground exposure. 
Trace and major element whole -rock geochemical analysis of samples 
Geostatistical analysis of geochemical data 
Petrographical analysis of wall rock samples 
Quantitative X-ray diffraction analysis of wall rock samples 
Geostatistical analysis of quantitative X -ray diffraction data 
Scanning electron microscope analysis of wall rock and vein samples 
Portable infra-red mineral analysis (PIMA) of wall rock samples 
Carbon, oxygen, and sulphur isotope analysis of wall rock and vein samples 
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Specific methodologies related to the above mentioned techniques will be expanded 
within following relevant chapters. 
1.6 Location ofthe study area, land use and access 
The location of the world class Bendigo goldfield is delineated by the rural city of 
Bendigo, approximately 150 kilometres N N E of Melbourne in central Victoria (Figure 1). 
The main area investigated in this study is appr oximately 800m x 800m in area, and is 
located approximately one kilometre south ofthe Central Deborah tourist mine (Figure 2). 
Figure 1: Location ofthe Bendigo goldfield within Victoria. 
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Figure 2: Location of areas studied within the Bendig o goldfield 
The main area investigated is in an area that is now completely residential. Therefore, 
access to material from this area is restricted to diamond drill core, old mine reports, plans 
and cross sections. Diamond drill core, which was used as t he main source of material in 
this study, resides at Bendigo Mining's Carsharlton site, location of the Swan Decline 
Portal. Work at the Central Deborah tourist mine was undertaken between 2 and 3 levels, 
whereas sampling and mapping in Bendigo Mining's de cline was undertaken between 
699 and 730 metres from the portal. The Victoria Hill historic reserve is open to the 
public seven days a week, and possesses excellent weathered outcrop including 
mineralised quartz veining and strongly altered wall rock along the N e w C h u m Anticline. 
This reserve also preserves some old mining equipment, including a poppet head on the 
approximate site of the original head frame, as well as a large set of stamp batteries and 
nearby steam boiler footings. 
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1.7 Physiography and Climate 
The Bendigo region has a temperate climate with hot summers and cool to cold winters. 
Temperatures in the region during summer average a maximum of around 28°C, whereas 
winter maximums average around 13° C. Annual rainfall is around 550 millimetre s, with 
the highest average rainfall occurring in June (Bureau of Meteorology data, 1862 -1992). 
Bendigo itself now largely consists of residential, commercial, and light industrial 
properties. Areas surrounding the city consist of small rural/residential allotments, along 
with larger areas used for agriculture, including both grazing and cropping. Large areas 
around Bendigo, mainly low rocky hills, remain forested due to poor soil development 
making them unsuitable for agriculture. Large areas of box ironbark forest were 
characteristic ofthe Bendigo area pre-European settlement, and can still be seen today in 
many areas around Bendigo. The area directly to the north of Bendigo is typically 
composed of flat plains of the Murray Basin, with Bendigo situa ted on the northern edge 
of the central highlands. Gold mining activity in the region significantly reshaped the 
landscape during the first 45 years of activity (Dunn, 1896), particularly in disturbing 
areas of alluvial cover, and removing the tops of hill s where mineralised quartz lodes 
were found. Throughout the Bendigo region today, the effects of mining activity last 
century are still evident. Numerous large mullock heaps still occur scattered throughout 
the area, 
1.8 Previous Work 
Investigation into various aspects of the geology of the Bendigo region began within 
months ofthe first gold discovery on Bendigo Creek in 1851 (Willman and Wilkinson, 
1992), and continues today. Early work on the Bendigo goldfields evolved from maps 
showing the location of shallow alluvial workings, to detailed maps and mine plans by the 
1870's that established the link between lines of reef and anticlinal fold traces (Willman 
and Wilkinson, 1992). 
Various authors who have investigated aspects of gold mineralisation withi n the Bendigo 
field have been listed by Willman and Wilkinson (1992). Dunn (1892, 1893, 1896, 1910) 
was the first to investigate the intimate relationship between the location of mineralised 
8 
structures and folding across the entire goldfield, whereas biost ratigraphical division of 
the Bendigo area on the basis of graptolite zonation, was initiated by Whitelaw (1904), 
and was subsequently refined by various workers over the next 80 years. More recent 
publications relating to the Bendigo goldfield include ove rviews of the field by Sharpe 
and MacGeehan (1990) and Willman and Wilkinson (1992), various works by Wilkinson 
(1977, 1986, 1988a, 1988b, 1988c) Cheny and Wilkinson (1994), McDermott and 
Quigley (1998), Turnbull and McDermott (1998), and structural inves tigations by 
Willman (1987). Detailed investigations into aspects of mineralisation within the Bendigo 
field in recent times include those produced by Li and Kwak (1996), Li et al. (1998), and 
Schaubs (1999), as well as several unpublished reports produced by Bendigo Mining N.L. 
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Chapter 2: A Review of Wall Rock Alteration Associated with 
Turbidite-hosted Gold Deposits 
2.1 Introduction 
Gold deposits hosted in turbiditic sediments occur around the world, and are found in 
rocks varying in age from Archaean to Tertiary (Bo yle, 1986; Kontak et al., 1990; 
Ramsay et al., 1998). Such deposits occur in the M e g u m a Terrane of Nova Scotia, 
Canada; the Slave Province of the Northwest Territories, Canada; the Cariboo district of 
British Columbia, Canada; as well as on the South Island of N e w Zealand, Uzbekistan in 
Russia, South Africa, Ireland and central Victoria in Australia. 
2.2 Host sedimentary rocks 
Sedimentary rocks hosting these gold deposits are invariably deepwater marine in origin, 
and typically possess well-developed primary sedimentary structures including graded 
bedding, as well as variably preserved portions of the Bouma cycle. Often interbedded 
with these flysch sequences are shales, carbonaceous shales, iron formations, and impure 
carbonate beds (Boyle, 1986). A number of gol d deposits occur in marine sedimentary 
rocks that are closely associated with turbidites. These deposits are generally carbonate -
rich in nature, and include the Muruntau deposit in Uzbekistan, which is a skarn -type 
deposit, and the Carlin-type deposits of North America, where calcareous arenites and/or 
pelites are extensively replaced, silicified, and mineralised (Boyle, 1986). 
23 Some features of turbidite-hosted gold deposits 
Turbidite-hosted gold deposits typically possess both bedding -concordant and bedding-
discordant quartz veining, saddle reefs and gold disseminated in, and/or replacing, host 
rocks. The deposits are associated with faults, fractures, shear zones, drag folds, and 
openings on anticlines (Boyle, 1986). The mineralogy of most deposits, with the 
exception of replacement style deposits, is relatively simple, with quartz being dominant, 
plus carbonate, feldspar, mica, pyrite, and arsenopyrite, as well as gold, and sulphides of 
copper, lead, zinc, antimony, and tourmaline (Boyle, 1986). 
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Granites often occur within these gold -bearing regions, but in many cases the relati onship 
between intrusive bodies and turbidite-hosted gold deposits is unclear (Boyle, 1986). In 
most cases, granite magmatism is both temporally and spatially associated with 
mineralisation (Groves et al., 1998). However, this is not surprising considering that 
regional metamorphism and deformation are thought to play an important role in bot h 
hydrothermal fluid production and in driving felsic melt generation (Stuwe, 1998; S tuwe 
et al.,1993). Undoubtedly, in some deposits, magmatism provides an important source of 
heat and hydrothermal fluids. M a n y deposits however, clearly pre - or post-date granite 
magmatism. 
2.4 Wall rock alteration, and geochemistry of turbidite-hosted gold deposits. 
Historically, it was generally accepted that wall rock alteration associated with turbidite -
hosted gold deposits was weak or non -existent, with quartz veins having sharp cont acts 
with wall rock sediments (ie. Boyle, 1986; Cox et al., 1991a). Siems (1984) considered 
wall rock alteration to be strongly vein controlled, and selectively pervasive. Early quartz 
precipitation in veins was also thought to have prevented hydrothermal fluids interacting 
with wall rock sediments (Phillips and Powell, 1993). Large scale fluid flow along major 
structures was also given as an explanation for the lack of obvious wall rock alteration 
features, as there was no mechanism restricting flow in these structures, forcing the fluids 
into the wall rocks. It has been suggested the hydrothermal fluids were out of equilibrium 
with the host rocks (Waldron & Sandiford, 1988; Gray et al., 1991a) or as being in 
equilibrium (Cox et al., 1983; Binns and Eames, 1989). Both scenarios have been given 
as explanations for the general lack of visible wall rock alteration. 
In more recent times, detailed studies have demonstrated that wall rock alteration 
associated with turbidite-hosted gold deposits is more extensive than had previously been 
documented (ie. Kontak et al., 1990; Fuller, 1995; Li and Kwak, 1996; Gao and Kwak, 
1997; Arne et al. 1998a; Bierlein et al., 1998a; Bierlein et al., 2000). It is now recognised 
that sedimentary rocks surrounding these deposits have been variably exposed to 
sulphidation, carbonatisation, (de -) silicification, phyllic and propylitic alteration, as well 
as tourmalinisation, chloritisation, and sericitisation (ie . Steed and Morris, 1986; Kontak 
and Smith, 1987; Smith, 1998; Bierlein et al., 1998). 
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2.5 Hydrothermal alteration associated with turbidite-hosted gold deposits. 
2.5.1 Deposits ofthe Meguma Group, Nova Scotia, Canada. 
2.5.1.1 Introduction 
The Meguma Group and enclosed mesothermal gold deposits occur within the southern 
part of Nova Scotia, Canada. Over 300 individual gold deposits a nd occurrences occur 
over a strike length of around 450 k m (Ryan and Smith 1998; Smith, 1998). Smith (1998) 
reports a combined recorded production for these deposits of over 1.1 million ounces of 
gold. Historical production began in the middle of the 19 A century and was largely 
confined to high-grade vein-type deposits. Most of this historical production came from 
within 200 metres of surface (Ryan and Smith, 1998). Nineteen of the sixty three areas 
within the Meguma Terrane designated as gold producing districts produced over 20,000 
ounces of gold, with Goldenville being the largest, producing around 210,000 ounces 
(Smith, 1998). 
2.5.1.2 Meguma Terrane regional geology 
t 
Nova Scotia can be divided into two terranes on the basis of tectonic and stratigrap hie 
characteristics. The Avalon Terrane in the north, and the Meguma Terrane in the south 
are separated by the Minas Geofracture (Smith, 1998). 
The Meguma Terrane consists of lower Palaeozoic sedimentary and volcanic rocks, 
including the Meguma Group, as well as large volumes of post-tectonic granitoids. 
Paragneisses of the Liscomb Complex are thought to form basement to the M e g u m a 
Group sediments (Giles and Chatterjee, 1986), and were a possible source of at least part 
ofthe hydrothermal fluids responsi ble for gold mineralisation within the M e g u m a Terrane 
(Ryan and Smith, 1998). The Cambro -Ordovician M e g u m a Group is composed of a lower 
sandy flysch sequence, the Goldenville Formation, and an upper shaky flysch, the 
Halifax Formation (Ryan and Smith, 199 8), which are in turn overlain conformably by 
Siluro-Ordovician Annapolis Group sediments, although locally, the M e g u m a Group 
sediments are unconformably overlain by younger strata. 
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The Goldenville Formation is composed of grey -green meta-quartz arenites, and meta-
greywackes, with lesser meta-siltstones, slates, and homfels (Ryan and Smith, 1998). The 
Halifax Formation consists of grey-green to black slates, meta-siltstones, minor meta-
quartz arenites, and garnet-rich sediments that are transitional with the underlying 
Goldenville Formation (Ryan and Smith, 1998). The Halifax Formation is characterised 
by the presence of common disseminated sulphides, including pyrite, pyrrhotite, and 
arsenopyrite (Ryan and Smith, 1998). 
Rocks ofthe Meguma Terrane underwent significant poly-phase deformation during the 
Acadian Orogeny around 400Ma (Kontak et al, 1990). This resulted in the production of 
a series of northeast-trending, upright, tight to open folds, with wavelengths between 2-15 
kilometres (Ryan and Smith, 1998), as well as several generations of cleavages and 
parasitic folds. The M e g u m a Group has been regionally metamorphosed from 
greenschist to lower amphibolite grade, as well as being exposed to contact 
metamorphism adjacent to granite plutons. Region al metamorphism is thought to post-
date the onset of regional deformation (Taylor and Schuller, 1966). 
Numerous post-orogenic granite bodies intrude the Meguma Group meta -sediments, the 
bulk of which were intruded at around 370 Ma. These plutons were ace ompanied by the 
emplacement of mafic intrusions and dykes in some parts of the terrane ( Kontak et al., 
1989). 
2.5.1.3 Theories on the genesis of deposits within the Meguma Group 
Several theories relating to the genesis of mineralisation in the Meguma Ter rane have 
been proposed since gold was discovered there (Haynes, 1986). Six main theories have 
been proposed: 
1 Syn-sedimentary origin 
2 Epigenetic 
3 Epigenetic granite related 
4 Hydraulic fracturing pre -orogeny 
5 Pressure solution mobilisation 
6 Polygenetic: combination of syn- and epigenetic 
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Current workers propose that dehydration and fluid migration during regional 
metamorphism associated with the Acadian Orogeny was the main driving force behind 
the formation ofthe bulk of mineralisation (Ryan and Smith, 19 98). Although no absolute 
age on mineralisation has been established, it seems clear that mineralisation post -dates 
peak metamorphism (Ryan and Smith, 1998). 
2.5.1.4 Mineralisation within the Meguma Group 
The bulk of the mesothermal gold deposits within Nova Scotia, occur within the lower 
member of the M e g u m a Group, the Goldenville Formation (Kontak et al., 1990). The 
deposits themselves consist of a combination of historically exploited vein type deposits, 
and more recently recognised disseminated styles of mineralisation. Three main types of 
gold mineralisation are recognised within the M e g u m a Group sediments, including high -
grade quartz vein-hosted deposits, low-grade slate/argillite-hosted deposits, and low-
grade meta-sandstone-hosted deposits. Indivi dual deposits m a y possess two or more of 
these types of mineralisation (Ryan and Smith, 1998). 
Due to the early recognition of gold in quartz veins, extensive work has been undertaken 
in classifying the vein types with the deposits. Ryan and Smith (1998) recognize six main 
types of veins, these being; bedding concordant, stockwork, fissure veins, angular veins, 
en-echelon veins, and a-c veins. Most ofthe gold was extracted from bedding-parallel 
veins, as well as lesser amounts from stockwork and fissure veins. As seen in other 
turbidite-hosted gold deposits worldwide, bedding-parallel veins in the M e g u m a deposits 
are laterally continuous on the scale of kilometre s (Ryan and Smith, 1998). 
The mineralogy of gold-bearing veins within the Meguma deposits includes quartz, 
carbonates, iron sulphides (pyrite, pyrrhotite, arsenopyrite) as well as free gold (Kontak et 
al., 1990). Ryan and Smith (1998) estimate an average grade of 12 grams per ton ne gold 
for all mineralised veins in the M e g u m a deposits. Gold typic ally occurs as films near 
crack-seal laminae, along vein-wall contacts, as aggregates within quartz, in fluid 
inclusions, and in, or attached to, sulphide or silicate minerals in quartz veins (Ryan and 
Smith, 1998). Veins display a strong preference for pr opagation within slate interbeds in 
the sand-dominated Goldenville F ormation (Ryan and Smith, 1998). 
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Low-grade slate/argillite-hosted mineralisation within the M e g u m a Terrane has only 
recently received much attention. The deposits consist primarily of dis seminated-style 
gold and sulphide mineralisation within carbonate -rich slates and argillites in the absence 
of quartz veins (Smith, 1998). The best examples of this type of deposit occur within the 
Moose River district ofthe Touquoy Zone (Smith, 1998), w h ere auriferous, carbonate-
rich meta-siltstone contains abundant pyrrhotite and arsenopyrite, and lesser pyrite and 
base metal sulphides (Smith, 1998). Similarly, within the Fifteen Mile Stream district, 
gold mineralisation is strata-bound, and occurs in association with disseminated 
pyrrhotite, pyrite, arsenopyrite, and carbonate porphyroblasts within slates and 
mudstones. Mineralisation here appears to be controlled primarily by the presence of 
steeply dipping, intersecting fault sets (Smith, 1998). 
Gold-bearing meta-sandstones with the Goldenville Formation of the Meguma Group 
have, until recently, been more of an oddity than an exploration target. Discovery of 
significant gold within meta-sandstone at North Brookfield in 1992 sparked some interest 
in this style of mineralisation (Smith and McKay, 1993). Ryan and Smith (1998) describe 
a type of disseminated gold in meta-sandstone at Steve's Road. This mineralisation style 
is commonly accompanied by grains of electrum, free gold, sulphides, alloys, and 
intermetallic compound spheroids (Smith and McKay, 1993). Again, these occurrences 
are found in areas which lack distinct quartz vein mineralisation, leading Ryan and Smith 
(1998) to suggest the existence of prospective meta -sandstone horizons in previously 
unmined, and/or under-explored regions ofthe M e g u m a Terrane. 
Disseminated gold mineralisation has been identified within numerous former gold 
districts which also possess significant vein type mineralisation. The Upper Seal 
Harbour, and Beaver D a m deposits are excellent examples of combined vein and 
disseminated mineralisation (Ryan and Smith, 1998). At Beaver D a m , mineralisation 
occurs in high grade veins, as well as in un -veined slates, silts, limestone, and greywacke, 
as discrete gold grains in association with arsenopyrite (Ryan and Smith, 1998). 
Likewise, primary quartz vein -hosted mineralisation at the Upper Seal Harbour deposit is 
accompanied by disseminated gold in quartz-free, arsenopyrite-rich, black slate beds 
(Ryan and Smith, 1998). 
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2.5.1.5 Wall rock alteration in the Meguma Group, Nova Scotia. 
Until recently, wall rock alteration associated with the gold deposits of the Meguma 
Terrane, Nova Scotia, was thought to be minimal, or non-existent (Boyle, 1986). 
Interestingly, it has been propose d in the past that the gold was sourced from the M e g u m a 
Group sediments themselves, which were known to contain both gold and disseminated 
sulphides (which also occurred within the veins) (Boyle, 1986; Gilpin, 1888). It seems 
more likely, however, that the gold and sulphides in both the veins, and in the wall rocks, 
were sourced from lower in the stratigraphy, and possibly from the basement Liscombe 
Complex. These sulphide-gold occurrences within sediments represent the movement of 
hydrothermal fluids through the rock mass, altering the wall rock, rather than a primary 
syngenetic feature. 
Visible wall rock alteration features with the Meguma deposits commonly include, 
bleaching, silicification, carbonatisation, sulphidation, tourmalinisation, and phyllic 
alteration (Kontak et al., 1990). It is also apparent that wall rock alteration assemblages 
overprint regional metamorphic fabrics (Kontak et al., 1990). Wall rock alteration, 
according to Smith and Kontak (1988), occurred in two distinct phases in the M e g uma 
deposits. The earlier of the two resulted in silicification, carbonatisation, sulphidation, 
and sericitisation, whereas the later phase is characterised by carbonate + chlorite veinlets 
+ arsenopyrite. Alteration zones around vein type deposits range from 1cm to lm, 
whereas broader alteration haloes are visible in association with disseminated 
mineralisation (Ryan and Smith, 1998; Smith and McKay, 1993). 
Sericitic alteration accompanied by abundant arsenopyrite, occurs adjacent to, and up to 
50 c m away from, strata-bound and step veins at Wine Harbour (Haynes, 1986). 
Muscovite low in N a occurs as a narrow halo adjacent to strata -bound veins, and samples 
from this halo also display anomalous gold values (Haynes, 1986). Visible wisps and 
blebs of gold along with pyrite and arsenopyrite have been reported from slate samples in 
the Wine Harbour and Isaacs Harbour districts (Haynes, 1986). Bedding -parallel veins in 
most deposits exhibit only minor or no wall rock alteration adjacent to vein margins, 
despite carrying more gold that other vein types. Repeated injection of auriferous fluids 
in these veins resulting in crack -seal textures (Kontak et al., 1990) have led to early quartz 
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precipitation effectively sealing the fluids from the wallrock (Phillips and Powell, 1993), 
hence minimising wall rock alteration effects. 
The main mineralised zone at Caribou is composed primarily of mineralised strata -bound 
and step veins, and is accompanied by intense sil icification, and sericitisation ofthe host 
meta-arenites (Haynes, 1986). Gold occurs within altered meta-sediments in association 
with pyrite and arsenopyrite (Haynes, 1986). This is encouraging in terms of the 
prospectivity ofthe area for disseminated mineralisation. 
At Harrigan Cove, southwest of Goldenvil le, arsenopyrite occurs within altered slates and 
greywackes in the vicinity of, but not necessarily directly adjacent or related to, 
mineralised bedding parallel quartz veins. Arsenopyrite occurs as large crystals, which 
often display twinning, while pyrite and pyrrhotite are far less abundant within the wall 
rock, tending to be more abundant in the veins (Crocket et al., 1986). The arsenopyrite is 
most abundant in the coarser parts of greywacke beds (Crocket et al., 1986), suggesting 
strong lithological and porosity control on hydrothermal fluid flow. Samples from four 
drill holes at the Goldenville deposit exhibit pyrrhotite and chalcopyrite aligned parallel 
to well developed pressure solution cleavage seams in the absence of quartz veins. Also 
seen in these samples are occasional large arsenopyrite laths (Crocket et al., 1986). 
Greywacke and slate from both Harrigan Cove, and Goldenville exhibit anomalous gold 
and arsenic values compared to barren greywacke and slate from elsewhere in the 
M e g u m a Group (Figure 3; Crocket et al., 1986). The movement of hydrothermal fluids in 
the wall rocks in the vicinity of these predominantly vein -type deposits has resulted in the 
formation of alteration mineral phases, and distinct geochemical alteration haloes 
(Crocket et al., 1986). Slates from the Goldenville and Harrigan Cove areas show 
elevated C O 2 levels, 1.24 wt. % and 0.34 wt. % respectively, with respect to background 
(0.11 wt. % ) . Gold levels within the wall rock correlate strongly with alteration sulphides, 
in particular arsenopyrite (Crocket et al., 1986). 
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Figure 3: Correlation between gold and arsenic, particularly in slates, at Harrigan Cove 
(from Crocket et al., 1986). 
Relatively uniform 5 O isotopes from quartz veins at the Beaver Dam deposit, an d the 
M e g u m a Group generally are thought to suggest fluid mixing, and/or variable degrees of 
fluid-rock interaction (Kontak and Kerrrich, 1995). Strong structural control on 
mineralisation and fluid flow supports this interpretation (Ansdell and Kyser, 19 92). 
Uniform S13C values from vein carbonates reflect a reduced organic source for carbon 
(Kontak and Kerrich, 1995) that was most likely sourced from the M e g u m a Group 
sediments themselves and it seems likely that interaction of the ore fluids with the 
M e g u m a Group sediments also influenced sulphur isotope signatures (Kontak and 
Kerrich, 1995). 
Disseminated mineralisation with the f ouquoy Zone of the Moose River District occurs 
within siltstones, mudstones and lesser greywacke, and is associated with visib le 
carbonate and sulphide alteration, as well as variations in silica content, tourmalinisation, 
and sericitisation (Smith, 1998). Pyrrhotite and arsenopyrite display a direct relationship 
with mineralisation, with pyrrhotite occurring in bands parallel to bedding, and as 
disseminations in the host sediments, whereas arsenopyrite occurs as both fine -grained 
and coarse-grained laths. Arsenopyrite content of the sediments is again linked to gold 
18 
grade within the Touquoy deposits (Hudgins, 1989). A s stated previously, both 
mineralisation and alteration within the Touquoy zone occur as steeply plunging 
cylindrical bodies located at the junction of favourable host lithologies and intersecting 
faults (Smith, 1998). 
Gold mineralisation at the Railway Showing in the North Brookfield district occurs 
within vein-free greywacke (Smith, 1998) and is associated with an 
arsenopyrite+carbonate+pyrite alteration halo that parallels the trend of the mineralised 
Libby Fissure, a large mineralised quartz vein nearby (Smith, 1998). Gold is found in 
close association with arsenopyrite crystals and , to a lesser extent, pyrite and arsenopyrite 
disseminations within a thin slate-clast conglomerate (Smith, 1998). Also within the 
North Brookfield area are elevated gold levels in sed iments associated with inter-metallic 
compounds. Here it seems that these compounds are in contact with iron and/or copper 
sulphides, and disseminated mineralisation occurs in the vicinity of mineralised vein 
systems, suggesting some possible relationship (Smith, 1998). Mineralisation associated 
with these inter-metallic compounds possesses a large distinct carbonate alteration halo 
(Smith, 1998). Disseminated mineralisation in general appears to be strata -bound, and is 
associated with nearby faults and fractures, which acted as fluid conduits. 
2.5.2 Turbidite-hosted gold deposits of the Slave Province, Northwest Territories, 
Canada 
2.5.2.1 Introduction 
The Slave Structural Province in the Northwest Territories, Canada, hosts nearly 600 gold 
occurrences, of which nearly 5 0 % are turbidite-hosted (Padgham, 1986). Gold was first 
produced from the Slave Province, in 1935 from a small turbidite-hosted deposit near the 
present township of Yellowknife. Although historically most of the gold extracted from 
the province came from shear zones within mafic volcanics, most, if not all production 
was restricted to a 16 k m x 2 k m part ofthe Yellowknife volcanic belt. Smaller discrete 
turbidite-hosted gold deposits occur throughout the Archaean Slave Province, and accou nt 
for - 5 0 % of deposits in the form of mineralogically simple auriferous quartz veins 
(Padgham, 1986). 
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2.5.2.2 Slave Province Regional Geology 
The Slave Structural Province is composed of cratonised Archaean volcanics and 
sediments, with a large volume o f granitoids. Rifting of granitoid crust in the Archaean 
led to the formation of ensialic basins, which were subsequently filled with turbiditic 
sediments sourced from basement granites, felsic volcanics and, to a lesser extent, mafic 
volcanics (Padgham, 1985). Yellowknife-type basaltic belts occur in the southwest part of 
the Slave Province, where tholeiitic rocks are overlain by calc -alkaline volcanics. In the 
northeast of the province, intermediate and felsic volcanics of the Hackett River type 
dominate. These contributed a significant clastic component to the turbiditic sediments 
(Padgham, 1985) 
The Slave Province as a whole is characterised and differentiated from other Archaean 
shields by its high proportion of turbiditic sediments relative to volcan ics (Padgham, 
1985). Regional deformation of sedimentary and volcanic sequences resulted in the 
formation of northerly-trending fold axes and cleavages that overprint younger granite -
related structures. In places, meta-turbidites display complex fold patterns where they 
abut volcanic belts (Padgham, 1985). There is also a slight change in the dominant 
structural trend from northerly in the southwest, to northwesterly in the northeast of the 
province (Hoffman, 1989). Low-pressure, low-temperature metamorphism in the Slave 
Province, appears to have post-dated peak deformation (Padgham, 1985), with 
metamorphic isograds transecting foliations and axial surfaces (Thompson, 1978). 
2.5.2.3 Mineralisation within turbidite-hosted deposits ofthe Slave Province 
Sediment-hosted gold deposits in the NWT can be divided into two types: syngenetic iron 
formation-associated, and epigenetic quartz vein -hosted mineralisation within turbidites 
(Padgham, 1986). The turbidite-hosted deposits have only been mined on a small scale 
historically and there is a paucity of information relating to them. Padgham (1986) 
divides the turbidite-hosted deposits of the Slave Province into those that occur near 
volcanic-sediment contacts, and gold -bearing quartz veins hosted in distal turbidite facies. 
The quartz veins in distal turbidite facies account for most of the occurrences, however 
those near volcanic-sediments contacts have produced far more gold. Padgham (1986) 
estimates a total gold production from mineralised quartz veins developed near volcanic 
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contacts at 36,634 kg, whereas only 400 kg has been produced from veins hosted in distal 
turbidites and 14,000kg produced from deposits hosted in iron formations. 
The stratiform to strata-bound, deposits associated with iron formations, such as the large 
Lupin deposit, have relatively uniform grade distribution, and are rich in pyrrhotite but 
poor in arsenopyrite. These features, along with the lack of structural control on 
mineralisation, and the lack of alteration associated with these dep osits, are given as 
evidence in support of a syn -genetic origin for the deposits (Kerswill et al., 1983). 
However, it has been noted that deposits of this type commonly possess mineralised 
quartz veins that cross-cut the banded ore (Page, 1981). It m a y b e that banded ore 
textures represent a replacement type mineralisation formed coeval with the mineralised 
quartz veins and that the disseminated pyrrhotite is an alteration feature. 
The Discovery deposit is a typical example of a vein -type deposit developed at the 
contact between greywacke/quartzite and volcanic rocks (Padgham, 1986). Above and 
below these units is a sequence of thinly bedded turbidites, leading Wiwchar (1957) to 
suggest that the competent package, particularly the volcanics, acted as a b uttress against 
which the less competent turbidites were deformed. Wiwchar (1957) suggests the 
deformation led to a series of folded structures that later served as sites for quartz 
replacement. It seems more likely, however, that quartz veins developed p re-folding and 
were themselves deformed by the complex fold patterns, as suggested by Padgham 
(1986). The Discovery Deposit was a particularly rich deposit, producing over 31,000 kg 
of gold at an average grade of 30 grams per ton (Padgham, 1986). 
As described previously, this type of deposit, although being the most prolific of deposit 
types in the Slave Province, only account s for a small proportion of the total gold 
produced. The majority of these deposits occur within the Yellowknife Supracrustal Basin 
(Padgham, 1986). These deposits can exhibit extraordinarily high gold grades, although 
both gold grade and distribution are notoriously erratic (Padgham, 1986). Vein 
mineralogy typically includes quartz, pyrite, chalcopyrite, galena, sphalerite, and gold 
(Henderson and Fraser, 1948; Padgham, 1986). Slickensided vein margins (Padgham, 
1986) suggest a certain amount of shearing, which m a y have been important during fluid 
migration. Overall structural relationships (Fyson, 1978; 1982; 1984) suggest that quartz 
veins were formed early in the structural history, and were subsequently multiply 
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deformed, resulting in the production of folded, boudinaged, and foliated vein type 
structures. 
2.5.2.4 Examples of wall rock alteration from deposits ofthe Slave Province, NWT 
Vein-wall rock contacts are typically sharp in the turbidite hosted deposits of the Slave 
Province (Padgham, 1986). According to Padgham (1986), mineralised quartz veins at the 
Discovery deposit lack any widespread alteration halo. It has been not ed however, that 
chlorite/biotite selvages exist at vein-wall rock contacts in some veins (Wiwchar, 1957). 
Abundant carbonate veinlets have been identified, however no significant carbonatisation 
of wall rocks has been established. Even slivers of wall ro ck included within veins are 
apparently unaltered (Padgham, 1986). Extensive wall rock alteration has been 
documented from shear-hosted systems in mafic and felsic igneous rocks in the 
northwestern portion ofthe Slave Province (Abraham and Spooner, 1995), but alteration 
haloes surrounding deposits within sediments have not been documented. Although no 
evidence for wall rock alteration has been presented, it is conceded by (Padgham, 1986) 
that much further detailed investigation is needed to fully assess th e extent of fluid-wall 
rock interaction. 
The presence of high fluid pressures in wallrocks adjacent to mineralisation, or 
alternately, low fluid pressures within bedding-parallel veins, may explain the lack of 
distinct wall rock alteration haloes around the Slave deposits (Padgham, 1986). Wallrock 
alteration haloes around bedding -parallel veins from elsewhere in the world are likewise 
typically less well developed than those seen around bedding transgressive veins. This 
may in part be due to initial precip itation of quartz on the margins ofthe bedding -parallel 
opening, as suggested by Phillips and Powell (1993), which seals the wall rock from 
interaction with the hydrothermal fluids, or a la ck of fluid pressure in bedding -parallel 
veins as postulated above. 
Some deposits, such as the Ptarmigan deposit, display weak tourmalinisation at wall rock 
- vein contacts, suggesting the possibility of some magmatic influence (Boyle, 1979). 
Geochemical analysis of samples from the Ptarmigan deposit also display distin ct trends, 
including increases in A1 20 3 , Fe, CaO, M g O , H 2 0 , Ti02, P2O5, C 0 2 , and S, and decreases 
in Si02 and N a 2 0 adjacent to mineralised veins (Boyle, 1979). The growth of 
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hydrothermal sericite and feldspar adjacent to veins at the Burwah Prospect has re suited 
in the production of a narrow bleached zone in wall rock greywacke adjacent to veins 
(Boyle, 1979). Whole rock analysis of wall rock samples has revealed significant major 
element chemical changes compared to unaltered samples, including the additi on of H 2 0 , 
S, K 2 0 and Si, and decreases in Al203, CaO, Fe , and C 0 2 . 
The Giant Mine in the Yellowknife District is a large deposit that has produced around 
250 tons of gold (van Hees et al., 1999). The deposit is hosted within altered meta-
volcanic rocks ofthe Yellowknife Greenstone Belt and is characterised by extensive wall 
rock alteration and anomalously high A s and Sb levels (van Hees et al., 1999). Deep 
drilling and subsequent geochemical analysis of samples has revealed an east dipping 
alteration zone extending away from the mineralised zone into adjacent meta -sedimentary 
rocks (Figure 4). The alteration zone within the host rock is characterised by elevated Ag, 
As, S, and Sb levels, as well as distinct N a depletion, and K
 2 0 enrichment (van Hees et 
al., 1999). The observed N a depletion and K 2 0 enrichment is thought to reflect 
sericitisation of sodic plagioclase. 
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Figure 4: Geology (top diagram), as well as contoured arsenic (bottom diagram) in cross 
section reflecting the east dipping alteration zone which extends from meta-sedimentaiy 
rocks adjacent to the Giant ore body (from van Hees et al., 1999). 
The anomalous Sb and As concentrations within the Giant ore body are similar to those 
seen within meta-turbidite hosted gold deposits, reflecting the fluid pathway and 
maturation during interaction with turbiditic sediment to the east ofthe mine (van Hees et 
al., 1999). Oxygen isotope data from altered samples suggests that the hydrothermal fluid 
was in isotopic equilibrium with the metasediments to the east ofthe ore body (van Hees 
et al., 1999), and values are comparable with those from turbidite hosted vein systems 
elsewhere. 
2.53 Turbidite-hosted gold deposits within meta-turbidite sequences in New 
Zealand. 
2.5.3.1 Introduction 
Mesothermal, turbidite-hosted vein-gold deposits in New Zealand occur within two 
different settings on different parts of the South Island. Deposits such as Reefton and 
Lyell occur within weakly metamorphosed greywacke and slates of the Buller Terrane on 
the west coast. These deposits have produced around 71,500 kg of gold. Gold -bearing 
quartz veins ofthe Otago region in the southern part of the South Island have historically 
produced significantly less gold than deposits ofthe Buller Terrane, around 10,020 kg of 
gold (up to 1988). These deposits occur within greenschist facies, chlorite zone meta -
sediments and minor volcanics ofthe Haast Schist (Brathwaite, 1988). Significant gold 
placer deposits also occur on the South Island of N e w Zealand, largely in the Otago 
region, and are thought to have been sourced from the primary quartz vein -hosted 
mineralisation in the nearby Haast Schist. 
2.5.3.2 Regional Geology ofthe Buller Terrane and Haast Schist 
Palaeozoic turbidites of the Buller Terrane represent a distal portio n of the Tasman 
Orogenic Belt of Eastern Australia (Goldfaib et al., 1998), with sediments having been 
deformed and weakly metamorphosed to lower greenschist facies during the Silurian -
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Early Devonian (Goldfaib et al., 1998), and subsequently intruded by S-type granites in 
the Late Devonian - Carboniferous (Cooper and Tulloch, 1992). 
Deformation and metamorphism ofthe turbidite -dominated Torlesse and Caples Terrenes 
in the Early Jurassic to Early Cretaceous resulted in the formation of the Haast Schist 
(Goldfarb et al., 1998). The Haast Schist includes the Otago, Alpine, and Marlborough 
schists, and is composed largely of quartzofeldspathic schists and minor greenschists 
(meta-volcanics), and minor cherts (Paterson, 1986). Precursor greywackes and pelites of 
the Caples Terrane are thought to have been deposited in a submarine fan complex 
(Turnbull, 1979), whereas sediments ofthe Torlesse Terrane are thought to have been 
deposited in a trench slope, or borderland basin along a trench -transform margin 
(MacKinnon, 1983). The Haast Schist is believed to be a meta -turbidite sequence on the 
basis of lithological and stratigraphical constraints, as well as its position relative to other 
terrenes (Paterson, 1986). Primary sedimentary structures are generally not o bserved from 
rocks of the Haast Schist, having been destroyed during deformation and recrystallisation 
(Paterson, 1986). Metamorphic grade ranges from prehnite -pumpellyite in the N E and 
S W portions (Torlesse and Caples Terrenes), and increases toward the O tago area where 
meta-sedimentary rocks reach biotite grade of the greenschist facies (Paterson, 1986). 
Several generations of folding are recognised in the Otago Schist (Turnbull, 1981), with 
regional structure defined by the dominant schistosity being an irregular flat crested 
anticline, with internal megascopic nappe structures (Wood, 1978). Uplift ofthe Haast 
Schist in the Late Jurassic to Early Cretaceous resulted in a change from a compressional 
to tensional regime, which produced large sets of normal faults. These normal faults are 
thought to have played an important role in releasing metamorphic fluids after peak 
metamorphism (Paterson, 1986). 
2.5.3.3 Mineralisation in the Otago Schist 
Mineralised zones within the Otago Schist typically consist of discontinuous, gold-
bearing quartz veins hosted in shear and crush zones, with the bulk of deposits exhibiting 
steeply dipping ore zones discordant to the regional schistosity (Brathwaite, 1988). 
Normal slip displacement is suggested from mineral lineatio ns at many of the deposits. 
The large Macraes Flat deposit in the eastern part of the Otago Schist is an exception, 
being hosted in a low angle shear zone with a reverse movement sense (Christie, 1996). In 
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all ofthe mineralised systems of this region, the main vein mineral is quartz, with lesser 
gold, pyrite, and arsenopyrite. Also present are minor amounts of sphalerite, galena, 
chalcopyrite, and cinnabar (Christie, 1996). 
Varying structural styles displayed at the deposits within the Haast Schist are tho ught to 
reflect different levels of erosion in various parts ofthe region (Craw and Norris, 1991). 
Mineralisation in shear zones with reverse movement sense at low angles to the regional 
schistosity were formed at deeper levels than those resulting from extension associated 
with mineralised normal faults. The latter are thought to have formed as a result of 
arching ofthe schist belt along the axis described previously (Wood, 1978), which led to 
the propagation of extensional faults (Christie, 1996). Ind ividual mineralised structures in 
the Otago region range from a few centimetres in width, to over 2.5 metres across, 
although some are larger (Paterson, 1986). Veins are composed of ribbon quartz, which is 
concentrated at vein margins, and massive quartz. This is indicative of crack-seal 
processes, as well as later open-space silica flooding (Paterson, 1986). 
Mineralising fluids in the Otago region are thought to have been low salinity fluids, based 
on fluid inclusion and stable isotope analysis (Craw and Norris, 1991). In contrast to early 
barren quartz veins, mineralised quartz veins are in isotopic disequilibrium with the 
wallrocks (Paterson, 1982). Craw and Norris (1991) suggest that the Aspiring Terrane, 
which underlies the Haast Schist, was the sour ce ofthe bulk of metals and fluids for gold 
mineralisation. 
2.5.3.4 Mineralisation within the Buller Terrane 
The Reefton goldfield ofthe Buller Terrane has produced some 67 tons of gold from an 
area 35 k m x 10 km, and comprises the largest and most sig nificant ofthe gold deposits 
ofthe Buller Terrane. Other significant gold -producing regions within the terrane include 
Langdons, M t Greenland, Lyell, Golden Blocks, and Preservation Inlet. 
Gold - quartz mineralisation within the Buller Terrane is hosted largely within Greenland 
Group argillite and greywacke (Christie, 1996), and is thought to be related to 
metamorphic de watering in the late stages of regional deformation (Brathwaite, 1988; 
Christie, 1996). Goldfarb et al. (1998) suggest a level of uncertainty as to whether 
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mineralisation is in fact related to deformation and metamorphism, or if magmatism 
provided a source of heat and fluid for mineralisation. Christie (1996) considers a 
metamorphic origin most likely due to the shear zone structural cont rol on mineralisation, 
as well as prominent crack-seal textures, low grade host rocks, low sulphide content, and 
the lack of a spatial relationship with intrusive rocks. 
Deposits ofthe Buller Terrane typically consist of mineralised quartz veins with abu ndant 
crack-seal textures in steeply dipping structures, with veins containing quartz, pyrite, 
arsenopyrite, and gold + stibnite (Christie, 1996). Gold-bearing quartz lodes are 
developed along extensive shear zones, and /or jogs in shear zones, and tend to pinch and 
swell, forming large lenses (Christie and Brathwaite, 1998). Shears that cross -cut early 
quartz viens host arsenic -rich, sulphide-gold mineralisation and are the primary control on 
mineralisation (Leach et al., 1997). Alternatively, it has also been suggested that gold 
mineralisation largely post-dates vein formation, being introduced via later shears that 
brecciated and strained the quartz veins (Leach et al., 1997). Alternatively, it m a y be that 
high grade shoots paralleling major shears result ed from the remobilisation of gold from 
within the quartz veins. Ore shoots range from 0.6 to 3.2 metres in width, and commonly 
extend down plunge to considerable depth (Christie and Brathwaite, 1998). Disseminated 
mineralisation at the Globe-Progress deposit occurs within clay-rich cataclastic breccias 
of quartz vein and wall rock fragments (Christie and Brathwaite, 1998). 
2.5.3.5 Wall rock alteration associated with deposits ofthe Buller Terrane. 
Wall rock alteration associated with mineralised vein s ystems of the Buller Terrane is 
characterised by sericitisation, pyritisation, chloritisation, and carbonatisation of host 
meta-sedimentaiy rocks. Alteration haloes are variable in width, but generally tend to be 
restricted to within several meters of mine ralised veins (Christie, 1996; Christie and 
Brathwaite, 1998). Investigation into the extent and nature of wall rock alteration in the 
Reefton gold field has revealed some interesting features (Christie and Brathwaite, 1998), 
some of which are shared by turbidite-hosted deposits elsewhere around the world 
Samples adjacent to mineralised lodes are bleached and possess visible carbonate 
porphyroblasts, as well as increased quantities of pyrite, arsenopyrite, quartz, carbonate, 
and sulphide veinlets (Christie and Brathwaite, 1998). 
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At the Blackwater deposit, Reefton, pyrite disseminations occur in wallrocks within 
several meters ofthe Birthday Reef, along with significant chlorite flooding ofthe matrix. 
Matrix replacement of altered sandstones by sericite an d carbonate occurs throughout the 
Reefton goldfield, whereas chlorite can be seen to replace biotite and muscovite, and 
pyrite, arsenopyrite, and limonite replace any iron -bearing phases (Christie and 
Brathwaite, 1998). Portable infrared mineral analysis (PIMA) ofthe Reefton field reveals 
changes in mica chemistry along with a decrease in chlorite content as mineralisation is 
approached ( Merry, 1997). 
Geochemical data reveal a significant increase in volatiles, as indicated by LOI data, and 
moderate increases in K 2 0 adjacent to mineralisation (Christie and Brathwaite, 1998), 
whereas Au, As, Sb, and S show a good positive correlation with decreasing distance to 
mineralisation (Figure 5). Sodium decreases adjacent to mineralisation at one deposit, but 
K 2 0 , and N a 2 0 trends overall are inconsistent (Christie and Brathwaite, 1998). 
Mineralogical changes seen to take place adjacent to mineralisation in these deposits 
occur without major changes to bulk rock chemistry, which perhaps suggests low 
fluid/rock ratios (Christie and Brathwaite, 1998). 
2.5.3.6 Wall rock alteration associated with deposits ofthe Otago region 
Wall rock alteration haloes adjacent to mineralised vein systems within the Haast Schist 
have long been interpreted to extend only a matter of ce ntimetres from vein margins 
(Christie, 1996). Wall rock schists within and adjacent to mineralised structures typically 
contain euhedral pyrite and rarer arsenopyrite, and are often intersected by numerous 
small quartz, calcite, and pyrite veinlets, as wel 1 as being commonly silicified (Paterson, 
1986). Lodes within the Bendigo goldfield, Otago, are characterised by the introduction 
of calcite, pyrite, sericite, and kaolinite adjacent to mineralised veins (Paterson, 1986). 
Pyrite is seen to occur up to 60 centimetres from mineralised lodes, where it is often 
associated with epidote. Elsewhere, (for example at Glenorchy) schistosity appears to 
have been disrupted adjacent to mineralisation, and pyritisation and chloritisation of wall 
rocks produces a general greenish colouration, as well as pyrite-chlorite selvages 
extending several centimetres from vein margins (Paterson, 1986). Hydrothermal 
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alteration has resulted in the addition to the wall rocks ofK
 2 0 , C0 2, H 2 0, As, Sb, Rb, Cs, 
W , and Cr. 
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Figure 5: Selected major and trace element distribution (from X R F analyses) adjacent to 
mineralisation from diamond drill core at the Globe Progress deposit, Reefton (from 
Christie and Brathwaite, 1998). 
Mineralisation within the Shotover goldfield is accompanied by s ilicification and 
carbonatisation of wall rocks and wall rock breccias , resulting in the formation of three 
metre wide mineralised zones (Craw, 1989). Ankerite is also seen to replace chlorite 
here, with carbonate composition controlled by the composition ofthe precursor chlorite. 
Craw (1989) suggests that wall rock alteration played an important role in the 
mineralisation process, with interaction of hydrothermal fluids with chlorite -bearing wall 
rocks resulting in increased fluid pH, and gold precipitat ion. Within the Shotover field, 
earlier mineralised veins tend to have sharp contacts with the enclosing schists, whereas 
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later brecciated lodes contain strongly silicified and carbonatised wall rock clasts (Ashley 
and Craw, 1995). 
Alteration at Shotover tends to be restricted to within centimetres of mineralised veins, 
and is either dominated by silicification, or carbonatisation plus hydrothermal chlorite. 
Minor amounts of rutile, arsenopyrite, and pyrite occur in these narrow haloes also 
(Ashley and Craw, 1995). Major element concentrations are generally reduced adjacent to 
mineralised veins within the Shotover region, due to dilution by silica, and/or carbonate 
(Ashley and Craw, 1995). Several trace elements show minor increases in altered 
wallrock samples compared to background schists, including Au, As, S, Sb, Pb, Cu, and 
Sr. Geochemical trends identified by Craw et al. (1991) reflect stronger alteration up to 
ten metres from the Nugget vein system (Figure 6). 
O 2 
p 
li Distance from. MmmlisBtion 
12 
8 
4 
700-
500 
300 
CiOwtr. 
Srppm 
0.7 
06 
Oi i 
F./(F«+Mg) 
Distance from. Mmgnlisttiari 
Figure 6: Geochemical trends within ten metres of mineralisation at Shotover (from Craw 
etal., 1991). 
Graphitic pelitic schists at the Macraes deposit are intensely silicified and sulphidised 
within five metres of mineralisation (McKeag et a/., 1989), and sericitisation and 
kaolinisation occur locally. Visible calcite developed within wall rocks and on foliation 
surfaces is suggestive of high levels of fluid flow in the wall rocks adjacent to veins 
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(McKeag et al., 1989). Sulphur isotope analysis of sulphides in veins and wall rocks from 
the Macraes deposit exhibit little or no shift from values within background schists. Craw 
et al. (1995), interpret this to suggest that sulphur in the wall rocks is hydrothermal in 
origin, but derived from the host schist belt. However it m a y be that the uni form isotope 
values are simply reflective of a sedimentary sulfur source. Oxygen isotope analysis 
reveals a distinct halo of light oxygen isotopes surrounding mineralised veins at Macraes 
as a result of temperature decreases away from mineralisation (McKea g et al., 1989). 
The limited extent of wall rock alteration (<10 metres) within gold deposits ofthe Otago 
region suggests that the metals and fluids must have been sourced from somewhere other 
than the surrounding meta-sedimentary rocks, as the movement of these laterally through 
the sediments to mineralised structures would have resulted in significant fluid -wall rock 
interaction and hence alteration. It is thought that metals and fluid were derived from 
beneath the host schists. 
Fluid-rock interaction is thought to have been important in the precipitation of metals, 
including gold, within many ofthe deposits (Paterson, 1986; McKeag et al., 1989). It has 
been suggested that the oxidation of graphite within the schists adjacent to mineralised 
structures resulted in the reduction of the mineralised fluid and triggered gold 
precipitation (McKeag et al., 1989). Thus, fluid-wall rock interaction is considered to 
have been an important process in the formation ofthe Macraes deposit. 
2.6 Other examples of wall rock alteration association with turbidite-hosted deposits 
Other examples of turbidite-hosted gold deposits explored in brief here include the 
following areas: Uzbekistan, CIS; Clontibret, Ireland; Dyfed, Wales; Valdez Group; 
Alaska. 
The Muruntau deposit in Uzbekistan occurs as a large system of steeply dipping , 
auriferous, en-echelon quartz veins, and gently dipping auriferous quartz veins, hosted in 
calcareous siltstone, slates, and schists + lenticular limestone (Boyle, 1986). The deposit 
is characterised by skarn-type alteration, with quartz -microcline assemblages resulting in 
a gain in Si02, and a loss of C 0 2 from wall rocks (Rakhmautulev and Sher, 1969). 
Mineralisation at Muruntau was a protracted and complex process, with well -developed 
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pre-mineralisation alteration characterised by the development of pyroxene, actinolite, 
feldspar, chlorite, biotite, sericite, graphite, schorlite, and pyrrhotite. Wall rock alteration 
associated with mineralisation resulted in the precipitation of a number of C u, Fe, Pb, and 
Zn sulphides, as well as native gold and gold tellurides (Boyle, 1986). 
Gold mineralisation at Clontibret, Ireland consists of a series of NNW-trending zones, 
and a NE-trending strata-bound stringer-vein zone. Mineralised structures occur within 
Ordovician andesitic turbidites, as well as minor shales and cherts (Steed and Morris, 
1986). T w o distinct mineralisation phases are recognised at Clontibret, with the first 
consisting of gold-bearing pyrite and arsenopyrite, and the later phase c onsisting of 
stibnite-only mineralisation (Steed and Morris, 1986). Significant wall rock alteration is 
observable adjacent to quartz lodes and stringer zones as zones of bleaching within 5 -10 
metres ofthe vein margins which reflects strong sericitisation a nd carbonatisation, and an 
outer propylitic zone composed of chlorite, sericite, and carbonate (Steed and Morris, 
1986). Wall rock alteration involves depletion of N a
 2 0 and enrichment of K 2 0 , reflecting 
strong sericitisation of feldspars (Steed and Morris, 1986). Arsenic and Sulphur show 
sharp increases within one metre of mineralisation (Figure 7), whereas iron is thought to 
have been liberated from the host sediments as reduced iron and incorporated into 
sulphide phases by hydrothermal fluids (Steed and M orris, 1986). Interaction of low 
salinity hydrothermal fluids with wallrock sediments is thought to have been at least 
partly responsible for gold precipitation, by altering the physico -chemical conditions of 
the fluid (Steed and Morris, 1986). Later antim ony mineralisation however, has no 
discemable wall rock alteration haloes developed adjacent to mineralisation. 
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Distance from lode (m) 
Figure 7: Distribution of selected elements from wall rocks adjacent to gold -bearing 
structures at Clontibret (from Steed and Morris, 1986) . 
Gold mineralisation with the Dolaucothi mines, Dyfed, Wales is hosted within a 
monotonous sequence of Siluro -Ordovician shales and silts of the Welsh Basin (Annels 
and Roberts, 1989). Workings at the deposit extend over one kilometre along strike, and 
date back to A.D. 75 - 150, when gold was extracted by the Romans (Annels and 
Roberts, 1989). Mineralisation consists of a large flat -lying fault reef (the Roman Lode), 
en-echelon, and folded veinlets in the footwall of the R o m a n Lode, as well as steeply 
dipping shear zone hosted veinlets, and within pyrite and arsenopyrite in pyritic wall rock 
shales. The structure and morphology of mineralisation is reminiscent of saddle -style 
reefs (Annels and Roberts, 1989). Gold occurs within, and intimately associated with 
sulphide grains, with visible gold being rare. 
The pyritic black shales may have been selectively altered adjacent to the Roman Lode, 
where they possess weak disseminations of pyrite + later arsenopyrite, with occasional 
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pyrite-rich seams parallel to bedding (Annels and Roberts, 1989). O n the small scale, 
pyrite is bedding-parallel, but locally it transgresses bedding, ruling out a syn -sedimentary 
origin. Pyrite is also apparently intimately associated with numerous small quartz stringer 
veins (Annels and Roberts, 1989), which may have facilitated widespread penetration of 
hydrothermal fluids into the black shale unit. Veinlets within the pyritic shale are 
invariably surrounded by a well developed halo of pyrite and arsenopyrite, suggesting 
extensive stringer networks were a dominant control on hydrothermal fluid flow. Veins 
that are sub-parallel to the Roman Lode rarely display strong wall rock alteration unless 
the veins are high in sulphide, although in places wall rocks adjacent to banded veins 
have been strongly sericitised (Annels and Roberts, 1989). 
Alteration of wall rock slates and black shales has resulted in increases in K
 20, and Na20 
content, as well as Pb, As, and Rb. Conversely, Zn and M n appear to be depleted within 
altered wall rocks (Annels and Roberts, 1989). A distinct R b anomaly extends around 12 
metres from mineralised veins, and a broader low level R b anomaly extends even further, 
whereas increased C a O levels are thought to reflect the replacement of chlorite by mica 
and carbonate (Annels and Roberts, 1989). Sulphur isotope data from Dolaucothi suggests 
an epigenetic hydrothermal origin for sulphur, with all sulphides in veins and wall rocks 
displaying remarkably uniform 834S values (Annels and Roberts, 1989). 
Mineralised vein systems of the Cretaceous Valdez Group of SE Alaska occur within 
deformed interbedded greywacke, siltstone, and mudstone, with minor volcanics, which 
were coeval with sediment deposition. Several gold districts are recognised within the 
Valdez Group, including the Hope-Sunrise, Moose Pass, Port Valdez, Port Wells, 
Girdwood, and Nuka Bay (Goldfarb et al., 1986). The gold deposits of these regions have 
produced around 132,000 ounces of primary gold with additional production from related 
placer deposits. 
Deformation and metamorphism in the Valdez Group resulted from the accretion of the 
Valdez Group to southern Alaska by the Cretaceous - Tertiary (Goldfarb et al., 1986). 
Regional metamorphism varies from diagenesis to amphibolite facies and mineralisation, 
which is post-deformation and post-metamorphism, is restricted to areas of medium grade 
greenschist facies rocks (Goldfarb et al., 1986). Metamorphic dehydration ofthe Valdez 
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Group sediments is thought to have provided the gold-bearing fluids with hydraulic 
fracturing playing an important role in fluid migration (Goldfarb et al., 1986). Joint 
development controlled vein emplacement locally, with only one of three vein types 
recognised to contain gold. Mineralised veins are discordant to, and post -date, regional 
structure, and are concentrated in axial regions or the upper limbs of overturned anticlines 
(Goldfarb et al., 1986). 
Mineralised veins typically contain quartz as the main phase, with lesser calcite, ankerite, 
gold, arsenopyrite, pyrite, pyrrhotite, s phalerite, galena, chalcopyrite, and stibnite. Gold 
is commonly concentrated along crack -seal selvages in ribbon veins, and is often found 
associated with sulphides (Goldfarb et al., 1989). Wall rock alteration is notably absent 
from sedimentary rocks enclosing mineralised veins in the deposits ofthe Valdez Group 
(Boyle, 1986; Goldfarb et al., 1989). Tonalite wall rocks at one locality in the Port Wells 
district display wall rock alteration although, adjacent sediments are unaltered (Stuwe, 
1984). Chemical equilibrium between wall rocks and hydrothermal fluids is suggested by 
Goldfarb et al. (1989) to explain the lack of alteration haloes, although they do not present 
any geochemical data for samples adjacent to mineralisation. It m a y be that obvious 
visible changes in the wallrock sediments are absent, but that there are subtle chemical 
changes in these rocks relative to similar sediments fu rther from mineralisation. 
Mineralisation at the Cononish deposit in Scotland is hosted within the Eas Anie vein 
cutting faulted meta-sedimentary rocks. Three phases of mineralisation have been 
identified from vein textures and mineralogy, with gold and silver closely associated with 
vein pyrite, chalcopyrite, galena and sphalerite, which can reach as high as 2 0 % of vei ns 
(commonly only 2-3%) (Earls et al., 1992). Wall rock alteration associated with quartz -
gold-silver mineralisation at the Cononish deposit is characterised by three zones of 
alteration, which are best developed within psammitic lithologies (Earls et al., 1992). The 
outermost zone is characterised by intense chloritisation which extends up to 15 metres 
from mineralisation. The next zone is characterised by bleaching and intense sericitisation 
of chlorite. The inner most zone of alteration extends up to 2 metres from mineralisation 
and is characterised by a red coloration, caused by the presence of fine disseminations of 
haematite. Intense silicification and pyritisation occur within this inner zone also. 
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Gold mineralisation within the Cregganbaun deposit, Ireland, occurs within an extensive 
shear system of the same name. The deposit is hosted within turbiditic sediments, 
punctuated by a series of calc -alkaline lamprophyre dykes. Host rocks include feldspathic 
tuffs, turbiditic sediments with abundant ultramafic detritus, lenses of carbonatised 
ultramafics, and various dykes (Thompson et al., 1992). Mineralisation here forms part of 
a trend that extends along the shear zone for over 30 kilometres. Wall rock alteration of 
host rocks has involved strong and extensive carbonate-sericite-pyrite alteration, with 
carbonate alteration extending up to 1km from mineralisation (Thompson et al., 1992). 
Fuchsitic mica is a c o m m o n alteration product of detrital chromite within sediments. Also 
c o m m o n are sericite, leucoxene, and carbonate replacing magnesite, and altered 
ferromagnesian mica (Thompson et al., 1992). Alteration sulphides include within 
sediments include pyrite and arsenopyrite. Feldspathic tuffs are typically strongly 
sericitised, carbonatised, and pyritis ed adjacent to mineralised veins, whereas the primary 
mineralogy of lamprophyres is often completely replaced by sericite, albite, carbonate, 
and apatite. Feldspars within quartz-feldspar porphyries have been strongly altered to fine 
grained sericite-carbonate aggregates also (Thompson et a/., 1992). Ultramafic pods that 
occur as obducted fragments are strongly altered to fuchsite -quartz-carbonate and 
phlogopite. Pyrite is also a c o m m o n component of these altered ultramafics. The addition 
of potassium is characteristic of wall rock alteration of all rock types within the 
Cregganbaun deposit. 
2.7 Summary of non-Victorian examples 
Significant visible, physical, and chemical changes to wall rocks adjacent to gold -quartz 
veins and disseminated sulphides+gold h ave accompanied mineralisation within turbidite -
hosted gold deposits. These wall rock alteration effects reflect varying degrees of fluid -
wall rock interaction, which has in the past been largely underestimated. A s mentioned 
previously, many of these depos its are surrounded by haloes of variably sulphidised, 
carbonatised, (de-) silicified, chloritised, sericitised, tourmalinised, and propylitic - and 
phyllic-altered wall rock sedimentary rocks (Table 1). The intensity and extent of wall 
rock alteration within these deposits is highly variable, being controlled by a number of 
factors, including fluid pressure, confining pressure, porosity and permeability of host 
sediments, nature and interconnectivity of fluid conduits (primarily faults and fractures), 
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dominant deformational regime (compressionai, tensional, transpressional etc), as well as 
the nature ofthe hydrothermal fluids themselves. 
Significant major and trace element geochemical trends are seen to occur in wall rocks 
adjacent to mineralisation, and vary from a matter of centimetres in width to several 
hundred metres. Various elements have either been introduced with, or redistributed as a 
result of, the movement of hydrothermal fluids (Table 2). C o m m o n major element trends 
include increases in C 0 2 , K 2 0 , LOI, H 2 0 , M g O , and S, along with decreases in SiO 2, and 
Na 2 0. It should be noted however that while S i 0 2 levels decrease adjacent to 
mineralisation in many deposits, increases in the SiO
 2 content of wallrocks has been 
noted from many deposits also. Trace element analyses of wall rock samples generally 
reflect increases in the levels of most species as mineralisation is approached. Some trace 
elements which are commonly seen to be enriched include, As, Au, Cu, Pb, Zn, Sb, and 
Rb. 
Deposit scale alteration haloes typically consist of a broad halo of carbonate alteration 
centred on major fluid conduits, a less extensive middle zone of sulphide development, 
and a narrow inner zone of mica alteration, with most intense alteration being restricted to 
within 10-20 metres of mineralised structures. 
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Table 1: Summary of alteration phases present for deposits described in this review, as 
well as for the turbidite-hosted deposits of central Victoria. 
Alteration Mineral Phases 
Goldfield 
Meguma Deposits, 
Nova Scotia 
Slave Deposits, 
NWT, Canada 
Reefton Goldfield, 
New Zealand 
Otago Goldfield, 
New Zealand 
Muruntau, 
Uzbekistan, CIS 
Clontibret, Ireland 
Dolaucothi, Wales 
Valdez Group, Alaska 
Cononish, Scotland 
Cregganbaun, Ireland 
Central Victoria 
Pyrite 
Y 
Y 
Y 
Y 
Y 
? 
Y 
Y 
Y 
Aspy 
Y 
Y 
Y 
Y 
Y 
? 
Y 
Y 
Ser 
Y 
Y 
Y 
Y 
Y 
Y 
Y 
? 
Y 
Y 
Y 
Carb 
Y 
Y 
Y 
Y 
Y 
Y 
? 
Y 
Y 
Chlor 
Y 
Y 
Y 
Y 
Y 
Y 
Alb 
Y 
Y 
Y 
Sil 
Y 
Y 
Y 
Tourm 
Y 
Y 
Kaol 
Y 
Y 
Other 
Y 
Y 
Y 
Y 
Y 
Aspy = arsenopyrite; Ser = sericite; Carb = carbonate minerals; Chlor = chlorite; Alb = albite; Sil = silica; 
Tourm = tourmaline; Kaol = kaolinite. 
Table 2: Summary of alteration chemistry for deposits described in this review, as well as 
for the turbidite-hosted deposits of central Victoria. 
Goldfield 
Meguma Deposits, 
Nova Scotia 
Slave Deposits, 
N W T Canada 
Reefton Goldfield, 
New Zealand 
Otago Goldfield, 
New Zealand 
Muruntau, 
Uzbekistan 
Clontibret, Ireland 
Dolaucothi, Wales 
Cononish, Scotland 
Cregganbaun, 
Ireland 
Central Victoria 
Elemental Gain 
C02, SiOz, S, K_0, MgO, CaO, Au, As, Ag, Pb, W, 
Cu, Sn, Sb, Hg, V, F, Sr, Ba, Zn, Sc, Y, U, Zr, Cr, Mo 
TiO_, FeO, Fe_03, K.O, AfeOs, CaO, MgO, H.O, 
P2O5, CO2, Au, Ag, As, S, Sb 
LOI, K.O, Fe.03, CaO, CO., Au, As, Sb, S 
K20, CO., H20, As, Rb, Cs, W, Cr, Au, Sb, S, Pb, 
Cu, Sr 
Si02, Cu, Pb, Zn, Fe, Au 
C02, FeO, K2O, S, Au, As, Sb, Co, Pb, Rb, Bi 
K20, CaO, N.feO, As, Au, Rb, Pb 
Si02, K2O 
C02, As 
LOI, KaO, CO2, S, H.O, Ti02, Fe.03, Au, As, Sb, Cu, 
Pb, Zn, Ba, Cr, V, Ag 
Elemental Loss 
MnO, H2O, Co, Li 
Na20, SiO. 
Na20, SiQ2 
Si02 
C02 
Na20, P205, MgO, Fe_03 
Zn, Mn 
Si02, Na_0, MnO, CaO, 
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2.8 Wall rock alteration associated with the deposits of central Victoria, Australia 
2.8.1 Introduction 
The World-class turbidite-hosted gold deposits of central Victoria have produced some 
2,460,000 kilograms of gold from a combination of primary vein and alluvial deposits 
since the 1850's (Ramsay and Willman, 1988; Ramsay et al., 1998). The primary vein 
gold deposits of central Victoria are considered to form the most important turbidite -
hosted gold province in the world, having produced over 2 % ofthe world's gold (Phillips 
and Hughes, 1995). Gold production in central Victoria peaked in 1856 and dec lined such 
that by 1915, most major fields had been largely abandoned (Phillips and Hughes, 1995). 
Eleven centres have produced over thirty ton nes of gold (Figure 8), with around 4 0 % of 
the total production coming from primary vein -hosted mineralisation (Ramsay et al., 
1998). Major gold producing centres include Bendigo, Ballarat, Castlemaine, Stawell, 
Maldon, Chines, Creswick, and Maryborough. 
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Figure 8: Location of several large gold producing centres in central Victoria (m odified 
from Gao and Kwak, 1995). 
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2.8.2 Mineralisation within the deposits of central Victoria 
Primary vein deposits in central Victoria are structurally controlled, and occur largely 
within reverse faults, fractures, openings on the hinges of large folds, along bedding 
planes, and as en-echelon vein sets. Ofthe major gold producing fields in central Victoria , 
two large fields are hosted in rocks other than turbi dites. A t Stawell, structurally-
controlled mineralisation is hosted within pelites, vo lcaniclastics and meta-basalts, 
whereas mineralisation in the W o o d s Point - Walhalla goldfield is predominantly hosted 
within mafic dykes (Phillips and Hughes, 1996). 
Mineralisation within the structurally controlled vein gold deposits of central Victoria 
occurred during incremental, brittl e-dominated fracturing in the late stages of, and post -, 
regional deformation (Cox, 1995), with the dominant structural style varying from one 
deposit to the next (Ramsay et al., 1998). Primary mineralisation is confined to a series of 
goldfields that are elongated N-S, parallel to regional structure, and occur around 20 -30 
kilometres apart (Cox et al., 1991). Gold within the deposits is typically free milling and 
of high fineness, and the vein sulphide content is generally low. Veins typically contain 
quartz as the major phase, with lesser carbonates, chlorite, rutile, pyrite, arsenopyrite, 
sphalerite, galena, pyrrhotite, chalcopyrite, and gold. High sulphide "Mundic" lodes have 
been reported from Bendigo (Sharpe and MacGeehan, 1990), as well as from Ballarat 
East and Fiddlers Reef near Avoca (Cayley and MacDonald, 1995). 
Notable exceptions to the quartz -hosted deposits include mineralisation at Fosterville and 
Nagambie, where gold occurs in sulphide disseminations in wall rocks, associated with 
quartz-carbonate stockworks. Mineralisation at Fosterville consists of gold -bearing 
quartz, pyrite, and arsenopyrite within strongly silicified slates, silts, and quartz -porphyry 
dykes adjacent to major faults, with gold occurring predominantly within arsenopyrite or 
pyrite (Zukic, 1998). At Nagambie mineralisation consists of arsenopyrite, stibnite, pyrite, 
and arsenopyrite, plus minor gold, within silicified siltstone, shale and sandstone (Gao et 
al., 1996). At both Nagambie and Fosterville, weathering and oxidation of primary 
mineralisation has resulted in the mobilisation and precipitation of gold in strongly 
oxidised and ferruginised sedimentary rocks near the surface, and has resulted, at 
Nagambie, in the production of supergene enrichment (Gao et al., 1996). 
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Dilation within fold hinge zones developed during folding can result in the formation of 
saddle reefs. Most mineralised fold hinge zones have progressed past the point of simple 
saddle development, and display complex vein arrays as a result of late stage, f old lock-
up reverse faulting. Gold in many ofthe central Victorian deposits occurs in linear shoots 
within larger veins of low gold grade (Forde, 1991), indicating several generations of gold 
precipitation linked to the reactivation of early struct ures. 
2.8.3 Ballarat West goldfield 
Ordovician turbiditic greywackes, carbonaceous shales, and siltstone at Ballarat West are 
overlain by a thick series of Pliocene-Pleistocene basalt (Whiting and Bowen, 1976; 
Taylor, 1998). Mineralised reefs commonly cross -cut folds and cleavage at Ballarat West, 
suggesting either formation late in the deformational history, or post -deformation 
(Bierlein et al., 1998b). The Guiding Star Lode occupies a west dipping reverse fault, 
which jumps from bedding-parallel on the western limb ofthe Albion anticline and, at a 
high angle to bedding, crosses to the eastern limb ofthe Guiding Star Syncline, w here it 
again resumes a bedding-parallel attitude (Fuller, 1995). T w o bedding- and cleavage-
discordant felsic porphyry dykes also occu r in the vicinity of mineralised structures at 
Ballarat West (Fuller, 1995). 
Mineralised veins here are dominated by quartz, with lesser intergrowths of chlorite and 
sericite, carbonate, albite, apatite, and rutile. Arsenopyrite and pyrite are the dominan t 
vein sulphide phases, although lesser galena, sphalerite, chalcopyrite, and stibnite also 
occur (Fuller, 1995; Bierlein et al., 1998a). Gold is seen to occur within sulphides, as 
inclusions and within fractures, and associated with carbonate -bearing stylolites, and fine 
grains in massive quartz (Bierlein et al., 1998a). 
Investigations by Fuller (1995), and subsequently by Bierlein et al. (1998a), have revealed 
significant wall rock alteration haloes adjacent to mineralisation in the Ballarat West 
goldfield. Fault-controlled mineralised lodes in the Ballarat West goldfield are surrounde d 
by zones of intense bleaching as a result of sericitisation and the destruction of chlorite, 
along with broader zones of carbonatisation and sulphidisation. Deformed pyri te and 
arsenopyrite laths extend up to 15 metres from the Guiding Star Lode, whereas distinctive 
bleaching and sericitisation extends around 8 metres from mineralisation. The bulk of 
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arsenopyrite is restricted to within a few metres ofthe lode itself (Bie rlein et al., 1998a), 
and occurs as large crystals with well developed pressure shadows. Dolomite occurs as 
porphyroblasts and wisps parallel to Si, with later siderite and ankeritic carbonate 
porphyroblasts overprinting these as rims to the early porphyro blasts, and as randomly 
oriented porphyroblasts and aggregates (Fuller, 1995; Bierlein et al., 1998a). 
An intimate relationship has been suggested between arsenopyrite crystallisation and gold 
precipitation, with textural observations strongly suggestive of gold precipitation shortly 
after arsenopyrite crystallisation (Bierlein et al., 1998a). The breakdown of chlorite from 
within the alteration zone at Ballarat West is thought to have released iron and 
magnesium for incorporation into iron - and magnesium-bearing carbonates (Bierlein et 
al., 1998 a), and an indistinct total iron distribution is suggestive of a local sedimentary 
source for the iron in sulphides. Wall rocks adjacent to mineralised structures display 
elevated C 0 2 , H 2 0 , K 2 0 , S, As, and Au, relative to unaltered sediments further from 
mineralisation (Figure 9), whereas N a 2 0 , Si02, Ag, and Cr are depleted relative to 
background samples (Fuller, 1995; Bierlein et al., 1998a). 
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Figure 9: Major and trace element distribution in wall rocks adjacen t to the Guiding Star 
Lode, Ballarat west (from Bierlein et al., 1998). 
Sulphur isotope data from wall rock sulphides at Ballarat West range between -0.6, and 
+0.7 per mil, which is significantly removed from background sedimentary sulphur values 
from other central Victorian deposits which approach +20 per mil. This halo of 
isotopically light sulphur implies an external source for sulphur (Fuller, 1995), with 
values near zero suggestive of a metamorphic or magmatic source. A s with other 
turbidite-hosted gold deposits worldwide, it's thought that interaction of hydrothermal 
42 
fluids with wall rocks altered the properties of the fluid, leading in part to gold 
precipitation (Bierlein et al., 1998a). 
2.8.4 Ballarat East goldfield 
The Ballarat East goldfield is characterised by the presence of mineralised structures 
known as leather jackets, which are intimately associated with westerly dipping reverse 
faults on the east limb of anticlines (d'Auvergne, 1990). Spur veining, and brecciation of 
veins and wall rocks is c o m m o n where these structures transect bedding at high angles. 
These mineralised structures are commonly stacked vertically at intervals of around 100 
metres (d'Auvergne, 1990). This vertical repetition of structures is also evident within the 
Bendigo goldfield (Turnbull and McDermott, 1998). A s with the Ballarat West field, the 
mineralised faults transfer to bedding -parallel faults on the western limbs of anticlines 
(d'Auvergne, 1990), where much fault move ment was transferred to bedding -parallel slip. 
The west dipping leather jackets and associated spur and breccia vein systems are 
surrounded by well-developed intense wall rock alteration haloes that occur within a 
larger broad alteration halo encompassing numerous mineralised structures (Bierlein et 
al, 2000). Wall rock alteration at Ballarat East is characterised by the presence of pyrite, 
arsenopyrite, carbonate porphyroblasts, and sericite. Large pyrite porphyroblasts occur 
up to 62 metres from the nearest mineralised structures, whereas arsenopyr ite occurs 
within 32 metres ofthe lode (Besanko, 1996; Bierlein et al., 2000). Wall rocks up to 57 
metres from mineralisation are significantly bleached as a result of sericitisation and 
carbonatisation (Besanko, 1996). Adjacent to mineralisation, wall ro cks are enriched in 
K 2 0 , C 0 2 , S, Sb, As, and Au, compared to sediments outside the alteration halo 
(Besanko, 1996), whereas significant depletions of CaO, N a
 2 0 , and Si0 2 are also evident 
within altered wall rock meta-sedimentary rocks. The introduction of hydrothermal fluids 
pre-Si is suggested by the presence of deformed carbonate porphyroblasts at Ballarat 
East. This is also supported by the presence of strongly folded recrystallised quartz veins. 
The bulk of alteration however, accompanied post -D_ hydrothermal fluid flow (Besanko, 
1996). 
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2.8.5 Clunes Goldfield. 
The Clunes goldfield was the site of the first deep gold mining in Victoria, with 
mineralisation occurring along the hinge and limbs of a major local, north -trending 
anticline, the Clunes Anticline (Binns and Eames, 1989). Lower Ordovician slates and 
greywackes host the mineralisation, which is thought to have formed late in the structural 
history ofthe region (Binns and Eames, 1989). The mineralised anticline is characterised 
by the presence of well developed spaced cleavage, which has been referred to as a 
differentiation schistosity by Glasson and Keays (1978), Stephens et al. (1979), and Binns 
and Eames (1989). This fabric is better developed in the mineralised Clunes Anticline 
than in nearby unmineralised folds and the anticline is also more tightly folded than those 
to the east (Binns and Eames, 1989). The folded lower Ordovician sediments crop out 
only in the Creswick Creek, whereas the mineralised area underlies Tertiary alluvial 
sediments, and/or basalt (Stephens et al., 1979). Mineralisation occurs within saddle-like 
veins that sit astride the Clunes Anticline, and plunges doubly with the fold hinge, 
whereas the legs of the saddle may occupy faults at low angles to bedding (Goldham, 
1953). The mineralised veins themselves consist of quartz, with lesser chlorite, carbonate 
and albite, with minor arsenopyrite, pyrite, and trace gold, galena, sphalerite, and 
chalcopyrite, while many veins possess narrow chlorite -pyrite selvages. These veins post-
date folding, the formation of foliation, and a single mafic dyke (Binns and Eames, 1989). 
Visible wall rock alteration within the Clunes goldfield includes zones of bleaching that 
are most intense within a few centimetres of veins, and carbonate po rphyroblast growth 
adjacent to mineralised veins. Also seen are chloritic clots extending from veins into wall 
rock, particularly along cleavage planes in pelites (Binns and Eames, 1989). Pyrite 
euhedra occur ubiquitously throughout the altered and backgr ound sediments, which led 
Binns and Eames (1989) to suggest that pyrite is largely of diagenetic origin. Altered 
sandstones adjacent to mineralisation have up to 5 % by volume ankerite and siderite 
porphyroblasts, and have a lower chlorite content, which is partly responsible for the 
bleached appearance (Binns and Eames, 1989). The destruction of chlorite probably 
provided iron and magnesium for carbonate phases, as seen in other deposits. Carbonate 
porphyroblast concentration is greatest adjacent to minera lisation. However, the 
frequency of carbonate spotting doesn't correlate as well as might be expected with 
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distance to mineralisation (Binns and Eames, 1989), suggesting dynamic hydrothermal 
fluid flow controlled, in part, by wall rock inhomogeneity. 
Significant geochemical trends produced during wall rock alteration at Clunes include 
enrichment in C 0 2 and As, and to lesser extent K and possibly Sb (Binns and Eames, 
1989). Sulphur, however, is apparently depleted adjacent to mineralisation in slates, 
compared to background samples, and weakly enriched adjacent to mineralisation in 
sandstones. Significant geochemical variations have also been identified to have occurred 
during cleavage development, including losses of Na, Si, M n , and Ca and addition o f K 
(Stephens et al., 1979). Significant changes in mica chemistry adjacent to mineralisation 
have also been identified. 
Textural and geochemical trends at Clunes have led Binns and Eames (1989) to interpret 
a late deformational introduction of hydrothermal flu id into wall rocks. Millimetre sized 
ankerite and siderite porphyroblasts appear to overprint the dominant S _ foliation, while 
patches of calcite occur within background sediments. They also interpret gold 
mineralisation to be closely related to arsenic en richment, with chloritisation and minor 
pyrite development as later, restricted alteration phases. Observed density reductions in 
wall rocks adjacent to mineralisation are thought to be related to an increase in 
deformation intensity within the Clunes anticline, rather than associated with 
mineralisation (Binns and Eames, 1989). 
2.8.6 Wattle Gully Mine, Chewton 
The Wattle Gully mine in the Chewton goldfield is located around five kilometres east of 
Castlemaine and south of the large Harcourt Batholith. H a rd rock mining began in the 
Chewton area in 1858, but didn't prosper until the 1870's (Clarke and Thompson, 1965). 
By the late 1880's mining in the area had virtually ceased, but mining has been rekindled 
on a small scale since the 1930's. The Wattle Gully mine itself has produced nearly 13 
tons of gold at an average grade of around 10.5 grams per ton (Potter, 1990). 
Sediments in the Chewton goldfield are folded about north trending axes, with folds being 
tight to close possessing wavelengths of 150 - 500 metres (Cox et al., 1995). The bulk of 
mineralisation within the Wattle Gully deposit occurs within a steeply west dipping 
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reverse fault zone, the Wattle Gully Fault Zone, which persists down plunge, and along 
strike for over 600 metres (Cox et al., 1995). The relationships observed between faulting 
and folding are similar to those observed in the Bai larat field. Faults are bedding-parallel 
in the west limb of an anticline, then become strongly discordant between the hinge ofthe 
anticline and the syncline to the west. The bulk of mineralisation at Wattle Gully occurs 
in the bedding discordant part ofthe Wattle Gully Fault, which forms a dilatant jog (Cox 
et al., 1995). The Wattle Gully Fault offsets a bedding-parallel fault/vein known as the 
Gibbers Fault. This bedding-parallel fault appears to be mineralised only above its 
intersection with the Wattle Gully Fault (Cox et al., 1995). The Wattle Gully Sandstone 
and Wattle Gully Slate are the dominant lithological packages in the mine area, both 
being around thirty metres thick, whereas above and below, turbiditic sediments are thinly 
bedded (Cox et al., 1995). The competency contrast created by the presence of these 
thick competent units juxtaposed against more thinly bedded sediments probably 
contributed to the formation ofthe deposit. 
Mineralised veins within the Wattle Gully deposit are dominated by quartz, with 
subordinate carbonate, vermicular chlorite and sericite aggregates, plus minor albite, 
apatite and rutile. Vein sulphides include pyrite, ars enopyrite, and trace sphalerite, 
galena, pyrrhotite, and gold (Cox et al., 1995). Gold occurs as isolated blebs within 
quartz, and is associated with sulphides as inclusions, and in cracks, as well as associated 
with micaceous vein laminae (Cox et al., 1995). Areas with high gold grades tend to 
correlate with areas of fault intersection with, carbonaceous slates (Cox et al., 1995). 
Visible wall rock alteration at Wattle Gully consists largely of disseminated pyrite, 
arsenopyrite, and carbonate porphyroblas ts, with pyrite occurring as coarse euhedra, up to 
several metres from the veins. Arsenopyrite is developed up to 10 metres from veins (Cox 
et al., 1995), whereas carbonate porphyroblasts occur up to 40 metres from mineralisation 
(Stuwe et al., 1988). It has been noted however that the extent and intensity of carbonate 
alteration is highly variable (Figure 14). Visible bleaching and discolouration extends up 
to ten metres from mineralisation, and hydrothermal sericite and chlorite are developed up 
to 25 metres from quartz-gold lodes (Bierlein et al., 1998a). Alteration mineral phases at 
Wattle Gully overprint and sometimes preserve internally, the S _ foliation, whereas some 
sulphides have been clearly deformed, suggesting that cleavage development continued 
after porphyroblast growth (Figure 10, Cox et al., 1995). 
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Ca 
Figure 10: Compositional variation of various carbonate species, reflecting complex 
hydrothermal fluid evolution at Wattle Gully (from C ox et al., 1995). 
Significant geochemical changes in wal hocks include decreases in Si02, Na20, FeO, and 
M n O , along with increases in A1 20 3, Fe203, K 2 0 , C 0 2 , S, As, Ba, Rb, Cr, and A u from 
wall rock slates at Wattle Gully (Gao and Kwak, 1997; Figure 11). Sulphur isotope data 
from pyrite in wall rocks adjacent t o the mineralised Wattle Gully Fault Zone increase 
from values between one and five per mil within ten metres ofthe fault, to around 15 per 
mil over twenty metres away (Gulson et al., 1988a; Stuwe et al., 1988; Cox et al., 1995). 
These higher values are thought to represent samples approaching background diagenetic 
pyrite (Cox et al., 1995). Background diagenetic pyrite sulphur isotopes in central 
Victoria approach twenty per mil. Thus values around 15 per mil at Wattle fully suggest 
an incomplete transition to background values, further suggesting that all samples 
analysed are still within the alteration halo. 
Bierlein et al. (1998a) suggest weak but pervasive hydrothermal alteration at Wattle 
Gully, on the basis of elevated C 0 2 levels, sulphur isotope data, and the extent of the 
arsenic anomaly identified by Bowen (1972), which extends up to 100 metres from the 
Wattle Gully Fault. Strong K metasomatism is identified at Wattle Gully by Bierlein et al. 
(1998) and is portrayed in Figure 12, in the form of a ternary plot. Elevated gold values 
exist within wall rocks up to five metres from mineralised veins (Stuwe et al., 1988). 
However Bierlein et al. (1998a) suggest that the one to five ppb background values 
outside this zone may still be considered somewhat anomalous. Mineralisation within the 
Wattle Gully Fault Zone is in part due to repeated fault valve action. Such fault valve 
behaviour is expected to lead to dynamic fluid migration patterns, which will be different 
47 
before and after fault rapture (Cox, 19 95). This in tum will influence the development of 
wall rock alteration features. 
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Figure 12: Ternary diagram from Bierlein et al. (1998a) indicating strong K 
metasomatism at Wattle Gully, with a move away from unaltered protoliths. 
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2.8.7 Fosterville goldfield 
The Fosterville goldfield occurs around 25 kilometres east of the City of Bendigo in 
northern central Victoria. The goldfield was discovered in 1894, and the bulk of its 
historical production of 1588 kilograms was produced between 1894 and 1909, at a 
recovered grade of three grams per ton (McConachy and Swenson, 1990). Renewed 
interest in the field since the late 1970's has resulted in the re -opening ofthe field, with 
current owners Perseverence Exploration Pty Ltd, operating several oxide open pits, as 
well as having defined significant sulphide reserves at depth (Zurkic, 1998). 
Mineralisation at Fosterville occurs along two main trends, the Fosterville and O'Dwyers 
lines which parallel major faults. Major faults trend N N W , slightly oblique to the trend of 
regional fold axes, and are interpreted to have formed in a sinistral transpressi onal regime 
(Wang and White, 1993). The Fosterville Fault preferentially developed along a weak 
slate/silt unit (Arne et al., 1998a), and mineralisation occurs in the east footwall where the 
deformed fault-contact is diffuse (McConachy and Swenson, 1990). Gold mineralisation 
is hosted within lithic fault breccias, and in disseminated sulphides associated with fine 
quartz stockworks in the footwall of the Fosterville Fault. Mineralisation is best 
developed in bleached, silicified sandstones in the footwall o f the fault (McConachy and 
Swenson, 1990). Mineralisation within the O'Dwyers line is associated with a series of 
altered quartz porphyry dykes (Arne et al., 1998a) that either accompanied or pre-dated 
gold mineralisation. 
The characteristic feature of al tered wall rocks in the footwall of the Fosterville Fault is 
their bleached appearance (Arne et al., 1998a), which is due to the presence of fine 
grained sericite and carbonate porphyroblasts. As mentioned previously, pyrite and 
arsenopyrite also occur wi thin this zone and host the bulk of the gold. Petrographic 
investigation has revealed both pre -, syn-, and post-cleavage carbonate porphyroblasts 
(Arne et al., 1998a). Altered samples display distinct geochemical trends when compared 
to unaltered samples further from mineralisation, including increases in K
 2 0 and C 0 2 , 
and decreases in N a 2 0 . Gold, arsenic, antimony, and silver increase in the altered zone 
also, whereas lead only shows enrichment in the main ore zone (Arne et al., 1998a). 
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The mineralogy of wallrock alteration at Fosterville has been summarised by Arne et al. 
(1998a). Quantitative x-ray diffraction analyses on samples from Fosterville reveal a 
reduction in chlorite content of wall rocks as mineralisation is approached, whereas 
siderite and ankerite content increases, suggesting carbonatisation of chlorite. Albite 
content is also significantly reduced within the altered zone, as confirmed in thin section, 
by the sericitisation of detrital albite. Scanning electron microscope analysis on carbona te 
phases suggests a progression from iron- and magnesium-rich to more calcium-rich 
carbonate growth with time. Lower iron and magnesium content of hydrothermal micas 
compared to detrital micas is also identified from altered samples. Changes in the ill ite 
response to PIMA, identified by Merry and Pontual (1996) are consistent with changes in 
mica chemistry from within the altered zone. 
2.8.8 New Cambrian Mine, Tarnagulla 
The New Cambrian Deposit occurs in the Tarnagulla goldfield, around 40 km west of 
Bendigo. The deposit has produced around 12,450 kg of gold, which is around 1 0 % of 
the production ofthe field (Ramsay and Willman, 1988). Gold -quartz veins at the N e w 
Cambrian deposit are hosted by grey and black slates on the hanging wall and sandstone s 
on the footwall, and are cross cut by calc -alkaline lamprophyre dykes. 
Wall rock alteration at the New Cambrian deposit is largely restricted to a zone extending 
around ten metres from mineralised veins (Gao and Kwak, 1997). Wall rock alteration 
here is characterised by the presence of several alteration phases including pyrite, 
carbonate, arsenopyrite, and sericite (Gao and Kwak, 1995). Significant geochemical 
.trends identified from altered wall rocks at the N e w Cambrian deposit include losses of 
Si02, and N a 2 0 , and gains in K 2 0 , FeO, S, As, Au, and Pb, as mineralisation is 
approached (Figure 13). 
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Figure 13: Distribution of selected major and trace elements with distance from 
mineralisation in the N e w Cambrian deposit (from Gao and Kwak, 1997). 
2.8.9 Maxwells deposit, Inglewood 
The Maxwells deposit occurs around 180 k m N N W of M e lboume, and has produced over 
1067 kg of gold (Gao and Kwak, 1995). The deposit is hosted in lowest Ordovician grey 
and black slates, with lesser sandstone and siltstone. Min eralised veins consist of quartz, 
albite, carbonates, and sulphides, with common stylolites. Vein sulphide phases include 
pyrite, arsenopyrite, sphalerite, and galena. Gold occurs within quartz veins, in close 
association with ankerite and sphalerite or g alena (Gao and Kwak, 1995). 
Wall rock alteration at the Maxwells deposit involved four main stages, carbonate, 
chlorite, carbonate + muscovite, and sulphide minerals. Silicification of wall rocks 
adjacent to mineralisation has been identified as an altera tion feature at the Maxwell 
deposit (Gao and Kwak, 1995), although geochemical data presented by Gao and K w a k 
(1997) are suggestive of desilicification. The earliest alteration phase consisted of the 
development of sub m m size carbonate porphyroblasts, whi ch are elongated parallel to the 
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S, foliation and often cross cut by quartz veining (Gao and Kwak, 1997). This carbonate 
alteration extends over 100 metres from mineralisation, with carbonate spots commonly 
zoned. Hydrothermal pyrite is thought to have been related to, or post carbonate-
muscovite alteration, while arsenopyrite is developed only within a few metres of 
mineralised veins (Gao and Kwak, 1995). Significant geochemical trends identified from 
wall rocks at Maxwells include a reduction in the level s of Si02 and FeO as 
mineralisation is approached, along with increases in K
 2 0 , S, V, As, Au, and Pb (Gao and 
Kwak, 1997). Most of these geochemical trends are restricted to within 20 m etres of 
mineralisation. 
2.8.10 Bendigo goldfield 
The extent and intensity of wall rock alteration associated with the turbidite -hosted gold-
quartz deposits of the Bendigo goldfield has largely been underestimated until interest 
was renewed in the field by W M C and, subsequently, Bendigo Mining N.L. during the 
past 15 years. Historically, it was recognised that pyrite and arsenopyrite occurred 
disseminated within the wall rocks around individual veins, although its significance was 
largely overlooked. U p until the 1990's the general consensus was that individual veins 
had narrow sulphide alteration haloes (ie. Willman and Wilkinson, 1992), but other 
alteration features went largely unrecognised. Sharpe and MacGeehan (1990) recognised 
a halo of coarse-grained arsenopyrite in wall rock up to 20 metres from mineralisation, 
along with carbonate porphyroblasts and low level gold anomalies. 
Visible, physical, and chemical alteration haloes extending up to 150 metres distant from 
mineralised structures have recently been identified in the Bendigo field (Li and Kwak, 
1996). Investigations into wall rock alteration from the Nell G w y n e anticline in the 
southern part ofthe Bendigo field (Li and Kwak, 1996; Li et al., 1998; Li et al., 1999) 
have revealed a number of features characteristic of wall rock alteration at Bendigo. 
Alteration phases recognised in sandstones from the Nell G w y n e anticline include 
hydrothermal sericite, chlorite, carbonate, and sulphides (Figure 14). The alteration halo 
identified here is centred on the Nell Gwyne anticline itself, just below a prominent shale 
unit (Li etal., 1998). 
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Figure 14: Contoured section revealing the concentration of quartz veining, carbonate, 
sericite, and chlorite from the Nell Gwynne Anticline (from Li et al., 1998). 
Carbonate porphyroblasts vary in composition, suggesting a prog ression from iron-rich to 
iron-poor fluids (Figure 15). Li et al. (1998) suggest a carbonate paragenesis consisting 
of: 
siderite — sideroplesite - ankerite - calcite 
* 
Carbonate content varies from over 5% to 0% over 50 metres from mineralisation, 
whereas hydrothermal sericite is more phengitic than metamorphic mica, and often cross -
cuts regional fabrics. The distribution of hydrothermal sericite extends over 150 metres 
from the mineralised portion of the Nell Gwynne Anticline (Li et al., 1998). Chlorite 
accounts for up to 5 % of altered wall rocks, and extends up to 100 metres from 
mineralisation, whereas sulphides extend up to 140 metres from mineralisation (Li et al., 
1998). Arsenopyrite has been identified up to 100 metres above mineralisation (Figure 
16) whereas pyrite, chalcopyrite, and sphalerite occur up to 110 metres from the core of 
the anticline (Li et al., 1998). The most intensely altered samples seen by Li et al. (1998) 
occur within the apical dome ofthe Nell Gwyne anticline, with up to 50 % ca rbonate and 
1 0 % hydrothermal micas. 
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Figure 15: Triangular diagram of carbonate paragenesis as interpreted for the Nell 
Gwynne Anticline (from Li et al., 1998). 
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Figure 16: Contoured Au, As, and Pb in cross section from the Nell Gwynne Anticline 
which has been referred to as a plume shaped halo (from Li et al., 1998). 
Anomalous gold and arsenic values occur in sandstone samples from above the 
mineralised interval in the Nell G w y n e Anticline (Figure 16). These elevated values have 
been used to infer the possible presence of disseminated gold in the Bendigo field (Kwak 
and Roberts, 1996). Copper, lead and zinc values quoted by Li et al. (1998) are from old 
W M C data and their interpretation is fraught with problems. The anomalous trace element 
values identified by Li et al. (1998) may also be related to primary lithological variation. 
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Chapter 3: Regional Geology 
The Lachlan Fold Belt (LFB) of eastern Australia forms part of the Tasman Orogenic 
Belt, which formed offshore to Gondwana in early Palaeozoic times. The L F B has been 
divided into three parts, namely the western, central, and eastern sub-zones (Figure 17). 
Rocks from all three of these zones are exposed in Victoria, and rocks ofthe central and 
eastern sub-zones crop out in central and eastern N e w South Wales. The L F B was 
considered, until very recently, an enigmatic fold belt. However, recent research has 
shown that the LFB was formed under conditions similar to those seen in m o d e m 
accretionary settings (Foster et al., 1996a). 
Delam arian Fold Belt Central Lachlan Fold Belt 
.'".•"JU'.'I.'' 
A j W W V , 
4WWZ&. 
Western Lachlan F old Beit W>M»M E astern Lachlan F old Belt 
Figure 17: Location ofthe Lachlan Fold belt in Australia, as well as the position ofthe 
three sub-zones. 
3.1 Rocks ofthe Lachlan Fold Belt 
Beginning in the Ordovician an expansive sequence of quartz -rich turbidites were 
deposited upon largely basaltic oceanic crust throughout the LFB. The sediments were 
dominantly of deep-water facies and were derived from the eastern margin of Gondwana. 
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Exposure consists largely of imbricated chevron -folded turbidites cut by listric thrust 
faults in the western L F B (Foster et al., 1996a). These faults have exposed mafic oceanic 
crust slices that are thought to be representative of mafic oceanic crust underlying the 
sediments. The central belt ofthe L F B consists of a fault -bounded, high temperature, low 
pressure metamorphic complex (Morand, 1990), whereas the eastern sub -zone is also 
composed of imbricated, chevron-folded turbidites. In addition to these turbidites, the 
eastern belt also possesses mafic volcanics, volcaniclastics, and shallow water sediments 
representing an oceanic island arc system (Foster et al., 1996a). Significant volumes of 
Early and Late Devonian granite occurs throughout the L F B also. 
3.2 Deformation and tectonic setting ofthe Lachlan Fold Belt 
Deformation within the LFB has been shown to have been ongoing with sedimentation 
and was diachronous across the belt (Foster et al., 1999). I n the past, deformational 
episodes were subdivided and named on the basis of unconformities, and differences in 
structural grain in different regions. More recently, however, there has been a move 
towards models of continuous deformation (Gray and Foster, 1997). The dominant 
process resulting in the formation of the L F B was the stepwise accretion of oceanic 
sequences resulting from plate tectonic processes involving several subduction zones 
(Foster et al., 1996a). 
The central sub-zone ofthe LFB is dominated by NW-trending structures and consists of 
a SW-vergent thrust belt (the Tabberabbera Zone) linked to the Omeo-Wagga 
metamorphic complex (Figure 18). The eastern sub -zone is dominated by north -trending 
structures and an east-vergent thrust belt, whereas the western sub-zone possesses N W -
and N-trending structures, as well as an east -vergent thrust system (Foster et al., 1996a). 
Subsequent to the main stages of deformation in the late Silurian to late Devonian, the 
entire L F B was intruded by significant volumes of granitic plutons (Foster et al., 1996a). 
This resulted in 10-36 % ofthe fold belt being composed of granite. 
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Figure 18: Diagrammatic representation ofthe LFB in cross section (modified from Gray 
and Foster, 1997). 
3.3 Western Lachlan Fold Belt 
The western sub-zone ofthe L F B in Victoria is a fault -bounded structural block extending 
from the Moyston-Woomdoo fault zone in the west (Cayley and Taylor, 1998) to the 
Mount Wellington fault zone in the east. As seen in Figure 19, the weste m LFB is itself 
composed of three fault-bounded zones; the Stawell, Bendigo-Ballarat, and Melbourne 
zones. Each of these zones is separated by major north -trending, west-dipping listric 
thrust faults. 
• --- U m S of Exposure of Lachlan Fold 
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Figure 19: Location ofthe western L F B in Victoria. 
The western L F B is dominated by quartz -rich turbidites deposited in a marginal oceanic 
setting, outboard from the eastern Gondwana margin. 40Ar/39Ar ages from detrital micas 
within the Stawell and Bendigo-Ballarat zone meta-turbidites are indicative of derivation 
from rocks formed in the Delamarian Orogeny, whereas those from the Melbourne zone 
were at least partly sourced from deformed Stawell and Bendigo -Ballarat zone rocks 
(Foster et al., 1996a). Faults bounding the structural zones ofthe western L F B are wide 
zones of intense deformation (Figure 20), often with several cleavage generations, as well 
as steeply plunging meso-scale and micro-scale folds (Gray and Willman, 1991a; Gray 
and Willman, 1991b; Morand et al., 1995). Some of these fault zones exp ose Cambrian 
meta-volcanic rocks, cherts and other sediments that are thought to have formed the 
basement to the turbidite pile during deposition (Crawford and Keays, 1978; Crawford et 
al., 1984). 
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Figure 20: Diagrammatic cross-section ofthe western Lachlan Fold Belt (modified from 
Foster etal., 1996a). 
3.4 Stawell zone 
The Stawell zone extends from the Woorndoo -Moyston fault zone in the west, where it is 
separated from rocks of the Delamarian Fold Belt, to its eastern boundary with the 
Bendigo-Ballarat zone, the Avoca Fault. The Stawell zone consists of tightly folded, 
strongly cleaved, greenschist facies quartz -rich turbidites underlain by mafic volcanics 
(Gray, 1988; Wilson et al., 1992). Overlying these sediments locally are allocthonous 
Grampians Group sedimentary rocks of late Silurian age (Cayley and Taylor, 1997). 
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There is an overall increase in structural complexity and metamorphic grade from east to 
west within the Stawell zone. 
Cayley and Taylor (1998) have defined the Moornambool sub -zone in the western 
Stawell zone, which extends 15 kilometres from the Coongee Fault near Ararat, west to 
the Moyston Fault zone. The metamorphic grade across this sub -zone increases from 
lower greenschist in the west to amphibolite facies in the hanging wall of the Moyston 
Fault (Cayley and Taylor, 1998). Likewise, in the hanging wall ofthe Avoca fault zone 
in the east of the Stawell zone, rocks of higher metamorphic grade and of a poly -
deformed nature have been brought to surface via major listric thrust fa ults (Cayley and 
Taylor, 1998; Morand et al., 1995). 
The Woorndoo -Moyston Fault is the largest thrust recognised in the Victorian portion of 
the L F B (Cayley and Taylor, 1998). Along this fault, rocks of the L F B have been thrust 
up and westwards onto Delamarian, Glenelg Zone rocks (Cayley and Taylor, 1998). 
Amphibolite grade schist is thrust over weakly deformed low -grade sediments in the 
hanging wall ofthe Woorndoo -Moyston fault (Cayley and Taylor, 1998). Foster et al. 
(1996a) suggest that the fault zone separating the western L F B and the Glenelg zone of 
the D F B is very steeply dipping. Seismic and structural interpretations, however, suggest 
dips of around 45 degrees on the fault zone (Cayley and Taylor, 1996; 1998; Gray et al., 
1997). Re-activation of the Woorndoo-Moyston Fault zone in the late Palaeozoic is 
supported by apatite fission track data that suggest 1 -2 kilometres or more material was 
removed to the east ofthe fault in the Mesozoic (Foster et al., 1996a). The lack of 
Permian glacial sediments, as well as Grampians Group sediments in the Stawell zone, 
also supports this interpretation. 
The lower crust at the western margin of the Lachlan Fold Belt may have undergone 
subduction according to Soesoo and Nicholls (1998). However, a lack of definitive 
evidence in support of this theory has led to an alternative explanation. Cayley and Taylor 
(1998) suggest that wholesale shortening (up to 70%) of 5 -7 kilometres of simple oceanic 
crust with its 3 kilometres of overlying turbidites has led to the fin al thickness of 35-40 
kilometres now observed. The shortening referred to above was achieved by duplexing of 
the lower crust, and thin skinned deformation of the upper crust. Deformation of the 
Stawell zone appears to have peaked between 455 and 440 M a , b ased on 40Ar/39Ar dating 
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of metamorphic micas (Foster et al., 1996a; 1996 B; 1998,1999, Bucher et al., 1996). The 
bulk of deformation must have preceded the intrusion of shallow post -tectonic plutons in 
the early Devonian (Foster et al., 1999). 
3.5 The Melbourne zone 
The Melbourne zone forms the easternmost portion ofthe western LFB (Figure 21). It is 
bounded to the east by the M t Wellington Fault zone, which separates the Melbourne 
zone in the west from the Tabberabbera zone to the east. The Tabberabbera zone is a S W -
directed accretionary complex that developed above an east -dipping subduction zone 
(Foster et al., 1998). The western margin of the Melbourne zone is formed by the 
Heathcote fault zone, which separates more strongly deformed turbiditic se diments ofthe 
Bendigo-Ballarat zone to the west from the less deformed Melbourne zone sediments in 
the east. 
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Figure 21: Location ofthe Melbourne zone, as well as its bounding faults the Heathcote 
and M t Wellington zones (from Gray, 1988). 
The Melbourne zone is dominated by early Ordovician to mid -Devonian, quartz-rich 
turbidites with dominant NW-trending structures. As mentioned previously, it is thought 
that the Melbourne zone turbidites were sourced, at least in part, from eroding Stawell 
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zone rocks to the west (Bucher et al., 1996). Hence, while deformation and uplift were 
occurring further west, sedimentation was still occurring in the Melbourne Zone. 
Deformation of rocks within the Melbourne zone was characterised by the formation of 
open to close folds, weakly developed axial planar cleavages and sub -greenschist facies 
metamorphism (Foster et al., 1996a). The intensity of deformation increases in the east of 
the zone as the Mt. Wellington fault zone is approached (Foster et al., 1996a). Numerous 
Late Devonian granites intrude the Palaeozoic meta -turbidites ofthe Melbourne zone and 
subsequent late Devonian to early Carboniferous rhyolites and red bed sequences overlie 
these along north-south synclinoria bounded by steep faults (Gray and Mortimer, 1996). 
Many ofthe post-tectonic granitoids within the M Z are associated with volcanic cauldron 
complexes and ignimbrite flows (Gray and Foster, 1997). 
The Mt Wellington fault zone is a 15 - 20 kilometre wide zone of poly-deformed meta-
sedimentary and volcanic rocks that form the eastern margin ofthe Melbourne zone. It 
displays quite complex internal structure and, as with other zone bounding faults, 
possesses multiple cleavages and complex deformation patterns. Seismic profiling is 
suggestive of a major discontinuity or detachment in the mid crust underlying the western 
Lachlan Belt, which shallows to the east and outcrops as the M t Wellington Fault zone 
(Murphy and Gray, 1992; Gray, 1995). Although included within the Mt Wellington fault 
zone by some (ie Fergusson et al., 1986; Gray 1995), Morand (1996) suggests the Barkly 
River fault was derived from the Melbourne zone and thrust east. The M t Wellington fault 
zone itself is a major crustal boundary (Gray and Foster, 1997) that separates opposing 
thrust systems in the Melbourne and Tabberabbera zones (western and central Lachlan 
fold belt). Within the fault zone are numerous fault -bounded slices of Cambrian volcanics 
of tholeiitic affiliation (Morand, 1996) that form basement to the overlying clastic 
succession (Crawford and Keays, 1978), along with strongly deformed Ordovician to 
Silurian turbidites (Murphy and Gray, 1992). Dating of micas from the M t Wellington 
fault zone suggests a deformational history between 440 and 380 M a , recording the final 
collision between the western and central sub provinces ofthe Lachlan Fold Belt (Foster 
etal., 1999). 
Although the dominant structural trend within the Melbourne zone is NNW, there also 
exists a series of E - W trending folds and south -directed thrusts within the northern part of 
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the zone (Vandenberg and Gray, 1988; Gray and Mortimer, 1996). These E - W structures 
formed as a result of N - S shortening that locally pre-dated, or was generally coincident 
with, N E - S W shortening in the southern part of the Melbourne zo ne (Figure 22). The 
overlap ofthe south-directed deformation and the N E -directed deformation has resulted in 
sigmoidal fold axial traces on N W -trending folds in the southern part of the Melbourne 
zone, and dome and basin type interference patterns in the north (Gray and Mortimer, 
1996). 
Figure 22: Overlapping deformation patterns seen within the Melbourne zone (from Gray 
and Mortimer, 1996). 
Recent interpretations have implied that the Melbourne zone is anomalous with respect to 
flanking structural zones, in that it possesses a significantly different crustal block 
underlying the turbiditic sediments. This structural block has been termed the Selwyn 
Block (Cayley, 1999). The anomalous interference patterns described previously may 
reflect in part the presence of the Selwyn Block, as discussed by Cayley (1999). The 
Melbourne zone is therefore thought to be very similar to the Mathinna Terrane in N E 
Tasmania. Such an interpretation allows correlation ofthe Licola Volcanics in the east of 
the Melbourne zone with the M t Read Volcanics. 
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3.6 Bendigo-Ballarat zone 
The Bendigo-Ballarat zone is an approximately 110 kilometre wide zone of folded, 
cleaved and faulted Ordovician quartz turbidites intruded by Early and Late Devonian 
granitoids. The zone is bounded to the west by the Avoca fault zone, where it is separated 
from the Stawell zone, and to the east by the Heathcote fault zone, where it abuts the 
Melbourne zone (Figure 23). 
Figure 23: Location ofthe Bendigo -Ballarat Zone ofthe western L F B (from Gray, 1988). 
Palaeozoic, quartz-rich turbiditic sediments ofthe Bendigo-Ballarat zone belong to the 
Castlemaine Supergroup and were deposited in a deep marine environment (Cas and 
Vandenberg, 1988) from the early to late Ordovician. The Bendigo -Ballarat zone is 
recognizable by regular trains of northerly -trending, gently plunging, upright chevron 
folds and associated cleavages, as well as numerous west - and east-dipping, high angle 
reverse faults (Gray and Willman, 1991a). Fold hinge lines plunge both nor th and south, 
resulting in regional and local scale domes and basins. Major regional folds have 
wavelengths of 10 - 15 kilometers and amplitudes of 1 -2 kilometres (Figure 24), with 
parasitic folds having wavelengths around 100 to 300 metres and amplitudes of 50 - 100 
metres recognizable in the field (Gray and Willman, 1991a). Second order folds have long 
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straight limbs and tight narrow hinges, whereas fold axial planes are generally steeply 
west-dipping, reflecting the overall easterly vergence ofthe zone. 
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Figure 24: Diagramatic cross section through the B B Z displaying folds, faults and 
bounding structures (modified from Gray et al., 1991b). 
Cleavage typically occurs as a spaced cleavage within sandstones and as a slatey cleavage 
in slates. Cleavage refraction is commonly observed, as is cleavage fanning around fold 
hinge zones, whereas cleavage developed in slates tends to mirror the attitude ofthe fold 
axial plane, being sub-vertical. The dissolution of significant volumes of material 
probably accompanied, and, in fact, facilitated cleavage formation. Stephens et al., 
(1979) suggest volume losses of 10 to 20 % accompanying cleavage formation, although 
Waldron and Sandiford (1988) suggest constant volume deformation, as a result of up to 
100 % syntectonic extension. 
There exist numerous faults of varying size and displacement within the Bendigo -Ballarat 
zone, most of which mirror the general N -S structural grain ofthe zone. The largest faults 
within the Bendigo-Ballarat zone, excluding the bounding faults, include the Whitelaw, 
Campbelltown, Sebastian, and Muckleford faults (Gray, 1988). These are all west -dipping 
reverse faults with vertical displacements of up to 2 kilometres and lateral extents of up to 
100 kilometers along strike (Gray and Willman, 1991a). The reverse west over east 
movement on these faults resulted in the juxtaposition of lower Ordovician strata on the 
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west side against younger strata to the east ofthe fault. These large faults are thought to 
have played an important role in the channelling of hydrothermal fluids from depth 
(Willman and Wilkinson, 1992). 
Locally, numerous smaller faults can be seen as bedding -parallel faults defined by the 
presence of bedded veins, fault pug, and/or bedding plane slicken lines, and as strike -
parallel faults that are roughly bedding -parallel, but which cut bedding, and as cross 
faults. Bedding-parallel faults often transfer from the limb of an anticline and breach out 
at the anticlinal axis (Figure 25). Local, small scale faults often display thro ws on the 
scale of tens of metres and are thought to have been important structural traps and fluid 
pathways during hydrothermal fluid migration. Movement sense on most faults is 
dominantly dip slip (reverse), although some faults display subsequent strike slip 
movement, as evidenced by sub -horizontal slicken lineations and sigmoidal tension vein 
arrays. 
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Figure 25: Bedding-parallel fault breaching out from the hinge of an anticline. 
The Avoca fault zone (AFZ) is a 2-3 kilometre wide zone of poly-deformed, quartz-rich 
turbidites with vertical to steeply west-dipping crenulations and containing lenses of 
meta-basalt (Gray and Willman, 1991a; Morand, 1996). It stretches north -south from just 
west of Wedderburn in the north, to just east of Linton in the so uth (Gray and Willman, 
1991a), and is thought to flatten with depth and join a c o m m o n detachment. The A F Z 
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separates NW-trending, unfossiliferous Cambro-Ordovician turbidites of the Stawell 
zone, in the west, from fossiliferous Castlemaine supergroup rocks of the Bendigo-
Ballarat zone in the east (Gray and Willman, 1991a). The A F Z is thought to be a major 
thrust fault with west over east movement indicated by the presence of higher grade rocks 
in the immediate hanging wall, juxtaposed against lower grade, s imply deformed rocks in 
the east. Also, west over east shearing is suggested from asymmetric mica beards on 
detrital quartz and feldspar clasts in the southern part ofthe A F Z (Morand et al., 1995). 
The presence of graptolites in the footwall rocks east of the A F Z also suggests west over 
east movement. Movement on the Avoca Fault has been constrained by ^Ar-^Ar dating 
of micas (Foster et al., 1999), and results suggest two main phases of movement; one at 
around 440 M a , and a later reactivation at around 4 20 Ma. 
Lenses of meta-basalt are inferred to occur within the AFZ from mine dumps and drilling. 
Where they occur, they are strongly cleaved, poly -deformed and compositionally similar 
to meta-basalts ofthe Heathcote fault zone (Morand, 1996). The presence of meta-basalt 
lenses within the A F Z implies that these rocks underlie the turbidites in the eastern part of 
the Stawell zone (Morand, 1996), as has been suggested for much ofthe LFB. 
The Heathcote Fault Zone (HFZ) forms the eastern boundary of the Bend igo-Ballarat 
zone (BBZ), where it separates the largely Ordovician turbidites of the B B Z , to the west, 
from Siluro-Devonian marine sediments of the Melbourne zone (MZ) to the east (Gray, 
1988). The H F Z extends north-south for at least 100 kilometres and co nsists primarily of 
steeply west-dipping, low grade meta-basalt and quartz turbidites (Cox et al., 1991a). The 
most easterly ofthe faults in the H F Z is the M t Ida - Mclvor - M t William fault system. 
The Heathcote - Knowsley fault forms the western boundary ofthe fault zone (Gray and 
Willman, 1991a). A west over east reverse movement sense is indicated from minor 
structures within the HFZ, and deep seismic reflection profiling indicates a listric form to 
the fault zone at depth, extending from steep wester ly dip at surface (Gray et al., 1991b). 
In essence, the B B Z is a large thrust sheet that was transported east along a sub -horizontal 
detachment which has listric form and outcrops as the H F Z (Figure 26). The depth ofthe 
detachment underlying the B B Z has been estimated at around 18km based on seismic 
profiling (Gray et al., 1991b) and geobaromatry (Spaggiari et al., 1998). 
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Figure 26: Diagrammatic cross sectional representation ofthe detachment underlying the 
B B Z . Note interpreted duplexing ofthe meta volcanics (modified from Gray et al., 
1991b). 
The greenstones of the HFZ are composed of a sequence of low -Ti lavas of bononite 
association, including bononites and andesites that are conformably overlain by tholeiitic 
basalts, as sills and flows (Crawford, 1988). Volcanogenic sediments overlie these meta -
basalts in the northern and southern parts of the HFZ. The greenstone succession is 
conformably overlain at the western margin by early Ordovician quartz turbidites of the 
BBZ, suggesting that the whole B B Z may be underlain by these greenstones. The central 
part ofthe H F Z shows greater lithological and structural complexity than the northern and 
southern segments (Crawford et al., 1984). Sulphidic, gold -bearing, interflow sediments 
identified by Bierlein et al. (1998c) from within the H F Z are thought to represent 
exhalites, and may have constituted a significant A u reservoir, subsequently remobilised 
to contribute to the rich mesothermal gold deposits ofthe B B Z (Bierlein et al., 1998c). 
Gray and Willman (1991a) have used microstructural evidence to define three main 
phases of movement in the H F Z . Initially thrusting took place, followed by dextral and 
finally sinistral movement. Localised, NW-trending crenulation cleavages occur, 
reflecting dextral shear, whereas the NE-trending crenulation cleavage resulted from later 
sinistral shear (Gray et al, 1991b). 40Ar-39Ar age determinations presented by Foster et al. 
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(1998) suggest cleavage formation, and hence deformation, at around 457 -455 Ma. These 
are the oldest ages from cleavages in the B B Z . Younger ages of 440 and 426 -420 are also 
indicated, although these are thought to represent pulses of deformation in both the 
Stawell zone and B B Z that resulted in reactivation of deformation within the H F Z . The 
fact that older mica ages from within the H F Z (457 -455 M a ) pre-date deformation in the 
rest of the B B Z (440 M a ) is thought to reflect the formation of fabrics within the basal 
detachment zone, while at the same time the overlying sediment pile was undergoing 
shortening via folding, prior to main cleavage formation (Foster et al., 1999). 
3.7 Synthesis of the formation of the western Lachlan Fold Belt 
Figure 27 shows the interpretation of Foster et al. (1996a) for the evolution ofthe western 
LFB in Victoria, with the deposition of a quartz turbidite -dominated sequence from the 
Cambrian to early Ordovician in the Stawell zone sourced from the Delamarian Fold Belt, 
deposition of the quartz turbidite sequence in the B B Z throughout the Ordovician, and 
deposition in the Melbourne zone continuing until early Devonian times. Deformation in 
the western L F B progressed from west to east and, hence, folding and later cleavage 
formation occurred at around 450 M a , whereas the bulk of folding and cleavage 
formation occurred at ca. 440 M a in the B B Z , and the same process occurred much later 
in the Melbourne zone (at ca. 400 M a ) . The growth and history of the major zone 
bounding faults also reflects this east-progressing deformation front, with the basal 
detachment also propagating further east with time. Granite ages also reflect an eastward 
migration of intrusive activity across the western LFB, with Early Devonian granites 
occurring in the Stawell zone and the N W part ofthe B B Z , and Late Devonian granites in 
the rest of the B B Z . Late Devonian granites and associated volcanics also occur in the 
Melbourne zone. 
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Figure 27: Evolution ofthe western L F B as interpreted by Foster et al. (1996a) 
3.8 Geology of the Bendigo area 
3.8.1 Physiography 
Bendigo is located on the northern edge ofthe western Victorian uplands (Jenkins, 1988) 
at the southern edge ofthe Murray Basin, between the Loddon and Campaspe rivers. The 
area consists of low hills with summit levels becoming lower further northwards, before 
disappearing beneath the Murray Basin. Bendigo also sits elevated on a horst produced by 
69 
the reactivation of major strike-parallel faults, the Sebastian and Whitelaw Faults. Current 
streams are deeply incised into bedrock upon the horst, whereas downstream, wide 
alluvial valleys are preserved (Willman and Wilkinson, 1992). Alluvium in the Bendigo 
region is scarce, having been removed during alluvial mining. The low hills of the 
Bendigo area form several strike -parallel ridges of Ordovician turbidites which have been 
evidently reduced in relief somewhat due to surface mining activity. The drainage of the 
area is controlled to a large extent by synformal plunge reversals (Willman and 
Wilkinson, 1992) and, to a lesser extent, by faulting. The overall impression is of a series 
of rolling hills of Ordovician bedrock in a horst with an incised drainage system. Alluvial 
sediments, which have been heavily disturbed, record denudation from Mesozoic to 
Recent times (Willman and Wilkinson, 1992). 
3.8.2 Geological elements 
Early Ordovician, quartz-rich turbidites of the Castlemaine Supergroup form the main 
part of the bedrock in the Bendigo area. The Bendigo goldfield is truncated to the south 
by the Late Devonian Harcourt Batholith. Various acidic dykes related to this intrusion 
occur throughout the region, but are concentrated along the batholith margin (Cherry and 
Wilkinson, 1994). Permian glacial deposits, although not seen in the Bendigo goldfield, 
occur to the east of the Whitelaw fault, and evidence of their existence is seen in a 
reworked glacial sedimentary component to alluvium south of Bendigo (Cherry and 
Wilkinson, 1994). Various lamprophyre dykes of inferred Jurassic age are common in the 
Bendigo area. Their occurrence is thought to be related to the breakup of Gondwana 
(Byrne, 1985). Tertiary to Recent fluvial gravels, sands and silts were deposited following 
a prolonged period of exposure since the late Palaeozoic (Willman and Wilkinson, 1992). 
These are preserved as isolated hill cappings, deep leads, and alluvial plains, as w ell as 
being deposited from current streams. Quaternary Newer Volcanics also occur in the 
Bendigo area, although not in Bendigo itself, as basaltic flows along the Coliban and 
Campaspe rivers, as well as forming the Bald Hill volcanic complex west of Bendi go 
(Cherry and Wilkinson, 1994). 
70 
3.8.3 Ordovician turbidite sequence 
The Ordovician Castlemaine Supergroup meta -sedimentary rocks of the Bendigo area 
consist of a package of quartz -rich turbidites with inteibedded mudstone, shale, siltstone, 
and sandstone, with sandstone being the dominant lithology (Cherry and Wilkinson, 
1994). The sediments ranged from coarse grained sands and grits, to hemipelagic muds. 
Also seen within these sediment packages in the Bendigo area are sedimentary limestone 
beds less than 5 centimetres thick (Willman and Wilkinson, 1992). The Castlemaine 
Supergroup sequence is largely an upward fining sequence, with sediments indicating 
both granitic and metamorphic sources for quartz clasts (Cherry and Wilkinson, 1994). 
C o m m o n accessory minerals include feldspar, mica, tourmaline, hornblende, and 
magnetite. Sedimentary structures are common within the Ordovician bedrock and 
include graded bedding, parallel laminations, cross bedding, and load structures. Quartz -
rich sandstones form the A, B, and C portions of the Bouma sequence (Bouma, 1962), 
whereas siltstones and mudstones form the D, and E portions. Fossiliferous black 
carbonaceous mudstones also occur and were probably deposited under anaerobic 
conditions during non-turbiditic deposition (Cas and Vandenberg, 1988). 
Thick sandstone beds are commonly lensoidal in form, and were probably deposited in 
submarine channels in a high energy environment, resulting in the erosion of previous 
surfaces (Willman and Wilkinson, 1992; Cas and Vandenberg, 1988). Thin limestone 
beds, known as cone-in-cone limestone due to their internal structure, are relatively 
common in the Bendigo goldfield. These beds are obviously sedimentary in origin, with 
facing directions reflecting those seen in enclosing sediments. They also grade into 
overlying silts and muds. These limestone beds are thought to be quite extensive laterally, 
and may provide valuable stratigraphic marker beds (Whitelaw, 1904). 
3.8.4 Graptolite biostratigraphic zonation 
The zonal system ofthe Ordovician of Victoria (Cas and Vandenberg, 1988) is based on 
the appearance and disappearance of certain species and groups of graptolites. It is 
summarised as follows: 
• The Lancefieldian stage is found only in the eastern part ofthe Bendigo area. It is 
characterised by a high sand to m u d ratio, is commonly pale green in colour 
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(Willman and Wilkinson, 1992), and is thought to be around two kilometres thick 
(Cherry and Wilkinson, 1994). 
• The Bendigonian stage is the most common stage in the Bendigo a rea, with 
sandstone coarseness decreasing upwards, and mudstone packages becoming more 
common. These sediments tend to lose their green colour, with orange, brown, 
purple, and yellow becoming more prominent (Willman and Wilkinson, 1992). 
This stage is thought to be around 600 metres thick. 
• Chewtonian sediments typically contain still more mudstone component relative 
to sand, and greenish colour is rare. Black carbonaceous mudstone beds become 
more common in this stage also. This stage is thought to be ar ound 350 metres 
thick (Cherry and Wilkinson, 1994). 
• The Castlemainian stage sediments occur in the Spring Gully region, and are 
relatively poorly exposed as a result of their low sandstone content, and 
subsequent low weathering resistance. This stage is p robably on the scale of 
hundreds of metres thick (Cherry and Wilkinson, 1994; Willman and Wilkinson, 
1992; Cas and Vandenberg, 1988). 
• The Yapeenian stage is confined, along with the Darriwillian stage, to the east of 
the Whitelaw fault, which juxtaposes th ese sediments from higher in the sequence 
against older Lancefieldian sediments to the west. These sediments are also 
typically fine grained, and tend not to outcrop strongly due to the low sand/mud 
ratio. Both the Yapeenian and Darriwillian stages are t nought to be a matter of 
tens to a couple of hundred metres thick. 
3.8.5 Devonian plutonism 
The Harcourt Batholith, a large (615km 2) post-deformational batholith of Late Devonian 
age (Beirlein et al., 2001a), is known to be composed of multiple phases (S harpe and 
MacGeehan, 1990). The pluton forms sharp contacts with the enclosing Ordovician 
sediments, with evidence of minor wall rock stoping (Cherry and Wilkinson, 1994). 
Numerous acidic dykes concentrated around the margin ofthe pluton, as well as rare acid 
dykes within the Bendigo goldfield itself, are directly related to late stage fluid release 
associated with this pluton (Willman and Wilkinson, 1992). The batholith possesses a 
well defined thermal aureole that varies in width from 200 metres to 1.5 kilometres. 
72 
Subsequent contact metamorphism has produced cordierite and andalusite hornfels and 
spotted slates. Contact metamorphism associated with intrusion ofthe Harcourt Batholith 
overprints gold mineralisation (Beirlein et al., 2001a; 2001b; Hughes et al., 1997), with 
contact metamorphosed auriferous reefs south of Bendigo being mined right to the 
sediment-granite contact. 
3.8.6 Permian glacials 
Permian glacial sediments occur in the Eppalock area, but no direct evidence of their 
existence is seen within the Bendigo goldfield itself. There is however, evidence of 
reworked glacial sediments included within alluvium south of Bendigo (Willman and 
Wilkinson, 1992). 
3.8.7 Jurassic dykes 
Numerous porphyritic dykes of late Jurassic age occur within the Be ndigo goldfield 
(Beirlein et al, 2001c). These dykes post-date and cross cut mineralisation, as well as the 
Harcourt batholith (Willman and Wilkinson, 1992). The dykes are predominantly olivine -
rich monchiquites and were intruded along fault planes and al ong the anticlinal axes of 
major folds (Sharpe and MacGeehan, 1990). These dykes are commonly seen as sinuous 
and branching in form within, or close to, anticlinal axes (Cherry and Wilkinson, 1994). 
A n outcrop of volcanic breccia at the southern end of the Bendigo goldfield contains 
fragments of basic igneous rocks, Ordovician bedrock fragments, and rounded glacial 
pebbles in a glassy matrix (Willman and Wilkinson, 1992). The igneous component ofthe 
breccia is similar in composition to the more c o m m o n dyke s ofthe region, and is thought 
to be genetically related. The breccia itself is intruded by one ofthe Jurassic dykes. 
3.8.8 Tertiary sediments 
Fluvial gravel, sand, and silts, make up the bulk of the Tertiary sediments within the 
Bendigo area (Cherry and Wilkinson, 1994). 
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3.8.8.1 White Hills Gravel 
The White Hills Gravel is a coarse quartz conglomerate with interbedded gravel, sand and 
silt (Willman and Wilkinson, 1992). The unit often forms isolated hill cappings, and is 
widespread throughout northern and central Victoria (Cherry and Wilkinson, 1994). The 
White Hills Gravel overlies Ordovician bedrock that is irregularly channelised, suggesting 
deposition in a braided stream system that drained the highlands to the south (Wilkinson, 
1988a). Where it overlies bedrock, the basal zone ofthe unit is known as wash dirt, as it 
contains the bulk ofthe gold within the unit. The gravels are around 20 to 40 metres thick 
(Willman and Wilkinson, 1992) and are typically silcreted and ferruginised near the top 
of the unit, making it resistant to weathering. The White Hills Gravels around Bendigo 
overlies Permian glacials near Heathcote and is not intruded by Jurassic dykes. Willman 
and Wilkinson (1992) suggest an earliest Tertiary or possibly late Cretaceous a ge for the 
deposits. 
3.8.8.2 The Shepparton Formation 
Coarse fluvial sediments ofthe Shepparton Formation occur as high level terrace deposits 
in the Bendigo area and were deposited from the most recent phase of fluvial deposition 
in the Murray Basin to the north (Cherry and Wilkinson, 1994). Outside the Bendigo area, 
the Shepparton Formation is characterised by clay and silt, with irregular sandy beds. The 
Shepparton Formation can be found as terrace deposits in the Bendigo and Sheepwash 
creek valleys (Willman and Wilkinson, 1992) and forms the present land surface in wide 
flat valleys, connecting them to the Murray Basin (Willman and Wilkinson, 1992). 
3.8.8.3 Coonambidgal Formation 
This unit represents incision into the Shepparton Formation by, and de position from, 
present day streams. These sediments are largely silts, sands and clays. 
3.8.8.4 Colluvium 
Recent colluvium in the Bendigo area contains angular Ordovician basement and quartz 
clasts, and is probably late Pliocene to early Pleistocene (Wil lman and Wilkinson, 1992). 
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It is important to note that the most of the late Cainozoic alluvial sediments of the 
Bendigo area are auriferous to some degree, and have hence been removed or disturbed to 
a great extent. 
3.9 Structural geology ofthe Bendigo area 
The Ordovician sediments of the Castlemaine Supergroup in the Bendigo area were 
deformed during the diachronous E - W directed, protracted compressional event that 
affected the entire western LFB. A s a result of this deformation, a series of persiste nt, 
regular chevron folds developed. Folds plunge gently to the north and south, resulting in 
the formation of a series of domes and basins, whereas the regional enveloping surface 
dips to the west (Sharpe and MacGeehan, 1990), resulting in progressively older rocks 
being exposed further east (Figure 28). Late -stage east- and west-dipping reverse faults 
are common, and are intimately associated with fold growth and lockup (Cox et al., 
1991a). 
Figure 28: Cross sectional representation ofthe structure of the Bendigo area (from 
Willman and Wilkinson, 1992). 
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Regionally, anticlines and synclines with wavelengths of around 10 - 15 kilometres are 
truncated on the east by large west -dipping, north trending contractional faults such as the 
Whitelaw fault, to the east of Bendigo (Cherry and Wilkinson, 1994). Axial planar 
cleavage was developed late in fold growth as slatey cleavage in fine -grained units, and as 
spaced cleavage in sandy units. 
The Bendigo goldfield occurs within one of the major regional synformal structures in a 
horst between the Sebastian and Whitelaw Faults (Figures 29 and 30). Second order 
chevron folds with wavelengths of 150 to 200 metres (Willman and Wilkinson, 1992) 
plunge gently south in the south ofthe Bendigo goldfield, and gently north in the northern 
part ofthe goldfield, resulting in the presence of a zone of domal anticlines in the centre 
ofthe Bendigo goldfield. It is thought that these m a y have played an important part in the 
focussing of mineralised fluids (Willman and Wilkinson , 1992). Strong crenulation 
cleavages are seen to occur in the hanging walls of major west -dipping thrust faults, such 
as the Muckleford and Whitelaw Faults, reflecting somewhat complex strain histories. 
Minor parasitic folding is seen to occur on the hing es of second order folds (Willman and 
Wilkinson, 1992) and the Si foliation is often seen as a crenulation cleavage in fold 
hinges, due to its being at a high angle to S o- Most faults within the Bendigo goldfield 
have relatively minor displacement (Willman and Wilkinson, 1992). 
The Whitelaw Fault is a large NNW-trending thrust fault that extends from the Harcourt 
Batholith in the south and continues under sediments of the Murray Basin to the north 
(Cherry and Wilkinson, 1994). In the Bendigo area, the Whit elaw Fault forms a scarp 
with older sediments in the west sitting some 1 0 - 1 5 metres higher than the younger 
sediments in the east. Harris (1934) suggests around 1500 metres of vertical 
displacement on the Whitelaw Fault. Although a west over east sense of movement is 
indicated for the Whitelaw Fault, Willman and Wilkinson (1992) suggest some sinistral 
strike slip movement occurred during the Tertiary. 
The Sebastian Fault is situated west of the Bendigo goldfield and displays a west side 
down sense of movement. The horst in which the Bendigo goldfield is located, and which 
is partly defined by the Sebastian Fault, continues north under the Murray Basin 
sediments (Cherry and Wilkinson, 1994). The Muckleford, Leichardt, Break O'day and 
Fosterville Faults are strike-parallel, west-dipping faults with dominantly west over east 
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reverse movement, whereas the Yankee Creek Fault is a N W -trending fault that, along 
with the Fosterville Fault, is mineralised along its entire length (Cherry and Wilkinson, 
1994). Movement on most ofthe major faults is constrained to prior to the intrusion ofthe 
Harcourt Batholith. However, there has evidently been some movement after magmatism, 
as indicated by minor offset of Jurassic dykes and quartz veins, as well as displacement of 
Tertiary fluvial sediments (Cherry and Wilkinson, 1994). 
Figure 29: Geology of Bendigo (modified from Cherry and Wilkinson, 1994). 
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Figure 30: A n interpretation ofthe stratigraphy ofthe Bendigo area and some ofthe 
mines on the Deborah Anticline (mo dified from Cherry and Wilkinson, 1994). 
Willman and Wilkinson (1992) have divided the Bendigo area into two structural 
domains, the goldfield domain, and the eastern domain. The goldfields domain, which 
hosts the deposits of the Bendigo goldfield, consi sts of a series of symmetric chevron 
folds, and has a flat to gently synclinal enveloping surface, whereas the eastern domain 
contains few gold deposits, contains asymmetric second order folds and has a west -
dipping enveloping surface (Willman and Wilkinso n, 1992). This reflects the fact that 
rocks from closer to the Whitelaw Fault are from deeper structural levels, with increased 
strain levels, and characteristic non -coaxial deformation (Gray and Willman, 1991b). 
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3.10 Sheepshead and Deborah lines of lode: mine scale geology 
The Deborah and Sheepshead lines of reef, are dominated by upward fining tuihidite 
cycles between 10 and 50 metres thick (Turnbull and McDermott, 1998) that form part of 
the Bendigonian stage. Mine scale stratigraphy has been establish ed for the Deborah line 
of reef, and can be interpolated across to the adjacent Sheepshead Anticline (Figures A, 
B, C and D inside rear cover). The established stratigraphy is based on underground 
mapping, mine reports, and drill hole interpretation undertaken by Bendigo Mining N.L. 
(Turnbull, pers. comm., 1999). Key units include the following: 
• The Royal Albert Shale has a true thickness of around 12 metres, and is composed 
of interbedded shale and siltstone with well developed cross laminations. 
• The Metropolitan Sandstone has a true thickness of around 50 metres and is an 
interbedded coarse grained sandstone grading to shale, with sandstone being by 
far the dominant lithology. Shale -rich intervals up to 5 metres thick are present, 
although the sand/shal e ratio remains around 4:1. 
• The Metropolitan Sandstone fines upwards and, as such, the upper part is 
composed of carbonaceous slate. 
• The Herschell Formation is around 20 metres thick and possesses laminated 
bedding-parallel veins at the upper and lower bou ndaries. This unit consists of a 
finely interbedded sequence of slate and sandstone with a sand to slate ratio of 
around 3:2. 
• The Lady Fiona Sandstone is around 50 metres thick and is a coarse grained 
sandstone with only minor fine grained interbeds. This unit is composed of around 
9 0 % coarse sand and hosts the inner and outer reefs on the Deborah line. 
• The Inner Reef Slate is a relatively thin unit at only 7 metres thick. It is composed 
entirely of slate with a carbonaceous layer at the top ofthe sequence . 
• The Central Sandstone is dominated by medium grained sandstone and is around 
10 metres thick. The sand to slate ratio in this unit is around 4:1. 
• The Vital Shale is a 10 metre thick laminated slate unit with only very minor sand. 
• The Deborah Back Sandstone is dominated by medium grained sandstone with 
some 1 -2 metre wide slate interbeds. 
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• Kingsleys Formation is a medium to coarse grained sandstone with narrow slate 
interbeds. This unit tends to fine upwards and hosts Kingsleys lode. 
• R o w e s Shale is a 7 metre thick unit of massive to laminated shale. 
• The United Sandstone is a predominantly sand rich -unit that contains three major 
laminated bedding-parallel veins. 
• The Tait Sandstone is less than ten metres thick and is composed of fine to 
medium grained sandstone. 
3.10.1 Continuity of local stratigraphy 
The sediment packages described in the previous section are defined by their relative 
lateral continuity as cohesive packages. Individual units show a tendency to display 
lensoidal form and are thus difficult to trace, either along strike, or from one anticline to 
the next. The absence of any distinguishable marker horizons in the Ordovician of the 
Bendigo goldfield has been a cause of frustration for over a century. As noted previously 
however, cone-in-cone limestone beds m a y be laterally extensive due to having been 
deposited chemically. They may, if recognised, provide suitable marker horizons. 
Significant bedding plane flexural slip and west over east reverse displacement create 
further difficulties when attempting to establish the continuity of individual lithological 
packages. 
3.10.2 Veining and mineralisation 
Quartz+chlorite+carbonate+sulphide veining within the Bendigo area host significant 
primary mesothermal gold mineralisation. Various vein types oc cur within the Deborah 
and Sheepshead lines of reef. Vein types have distinctly different timing, growth and 
propagation histories, as well as different amounts of mineralisation. Major vein types 
include bedded veins, transgressive veins, tensional veins, perpendicular veins, saddle 
reefs, and axial plane veins (Turnbull and McDermott, 1998). Mineralisation is 
associated, to some degree, with all of these. 
The relationship between structure and mineralisation at Bendigo was recognised 
relatively early in the history of the field. It was soon realised that mineralised quartz 
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veins concentrated around the crests of anticlines, often extending down either side ofthe 
fold, hence the term saddle reefs (Willman and Wilkinson, 1992). While folds play an 
important part in localising ore fluids, it was the numerous faults within the meta -
sediments, which focused these fluids. Not surprisingly, folding and faulting are 
intimately linked with the bulk of faults forming late in the folding process (Figure 31). 
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Figure 31: Different vein styles described by Willman and Wilkinson (1992). 
Bedded veins occur as narrow laminated bedding -plane parallel veins up to 20 c m thick, 
often with crack-seal laminae suggesting prolonged development. Bedded veins may also 
possess thin wall rock laminae as well as a sulphide phases and gold (Willman and 
Wilkinson, 1992). It is thought that these veins were the earliest vein -type to form at 
Bendigo. Bedded veins, although narrow, were often profitably mined (Willman and 
Wilkinson, 1992). 
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Veins occurring within fault systems are significantly thicker than bedded veins, being up 
to 20 metres thick, although widths less than 2 metres are more common. Fault hosted 
veins are also linked with spur veins, and often display complex growth history (Willman 
and Wilkinson, 1992). 
The saddle reefs, which are so often described at Bendigo, occur most commonly as 
dilational openings on the hinges of anticlines and less commonly on synclines. Where 
they do occur on the hinges of synclines, they are known as trough reefs (Sharpe and 
MacGeehan, 1990). Saddle reefs m a y contain a mix of fault and bedded veins, and occur 
stacked at relatively regular intervals along the anticlinal axis (Willman and Wilkinson, 
1992). These are sometimes now referred to as ribbons (Turnbull pers. comm. 1999). 
Saddle reefs vary from simple bedded veins folded around anticlinal axes, to zones of 
significant dilation and quartz development. A variety of other vein types, including 
strata-bound spurs, fissure reefs, cross courses and massive reefs are described by Sharpe 
and MacGeehan (1990). 
As described previously, gold was localised in veins centred around anticlinal fold hinges 
within the Bendigo goldfield. According to Sharpe and MacGeehan (1990), gold won 
from saddle reefs dominates in the more productive eastern portion of the field, whereas 
gold in spur reefs is more common in the western portion. 
Gold itself is hosted to varying degrees within each of the aforementioned quartz vein 
types, where it occurs as free grains and may be associated with pyrite, arsenopyrite, 
galena, sphalerite, chalcopyrite, pyrrhotite, and rare stibnite, as well as a range of Fe - and 
Mg- bearing carbonate minerals (Willman and Wilkinson, 1992). Gold is generally 
coarse and free within vein quartz, however minor gold may be associated with pyrite and 
arsenopyrite as 1 to 15 u m inclusions (Sharpe and MacGeehan, 1990). According to 
Willman and Wilkinson (1992), gold associated with vein sulphides contributed 
significantly to the overall production from several mines, including at the North Garden 
Gully mine, and the Lady Barkly mine. 
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Gold mineralisation within quartz veins is unevenly distributed such that richer 'shoots' 
are seen to occur. In any one saddle reef, usually only port ions are mineralised to ore 
grade (Sharpe and MacGeehan, 1990). Different parts ofthe saddle reefs are continuous 
along strike on the kilometre scale, whereas other portions, particularly the 'legs' are less 
continuous and only mineralised uniformly on t he scale of hundreds of metres. (Sharpe 
and MacGeehan, 1990). 
Mineralised vein systems are typically surrounded by a halo of wallrock arsenopyrite, 
pyrite, and carbonate, as well as trace amounts of gold. The extent of these halos varies 
from one vein system to another. Historically, these haloes were recognised as being only 
very narrow, however in recent years investigation ofthe Bendigo goldfield has revealed 
the effects of wallrock alteration are more pervasive than previously thought (Li and 
Kwak, 1996; Li et al., 1998). 
The relative timing ofthe introduction of gold within the Bendigo goldfield is somewhat 
problematic. Free gold is found in both early bedded veins and in late stage veins. 
Willman and Wilkinson (1992) favour a late introduction for gold, suggesting that gold 
located in the earlier formed bedded veins was added during later movement and fluid 
injection along these structures. The absolute age of gold mineralisation has been given 
as 439+2 M a based on 40Ar/39Ar dating of vein sericite (Foster et al. (1998). A Re-Os age 
of 438+6_Ma has also recently been obtained for pyrite and arsenopyrite associated with 
gold mineralization in the Central Deborah mine (Arne et al., 2001), confirming the 
earlier 40Ar/39Ar age. Thus, gold mineralization occurred during deformation ofthe host 
sequence during the Late Ordovician. 
Sandiford and Keays (1986), consider Cambrian interflow sediments and their associated 
bononitic and tholeiitic extrusives to be the most likely source of gold for the depos its of 
the central Victoria. Bierlein et al. (1998c) suggest that liberation of a proportion ofthe 
contained gold from these same sediments and lavas at depth during regional 
metamorphism could account for most if not all ofthe gold produced in the regi on. 
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3.10.2 Faulting 
Faulting and quartz veining are intimately associated within the Bendigo goldfield. All 
but the latest faults have quartz veining developed along them to some extent. As 
mentioned previously, strike-parallel faults are the dominant fault type within the field. 
Bedding-parallel faults are common within the mine sequence, and their occurrence has 
been estimated at around 1 every 12 metres (Willman and Wilkinson, 1992), over the 
entire goldfield. 
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Chapter 4: Visible Wall Rock Alteration Features 
4.1 Introduction 
Alteration features associated with the rich gold -quartz deposits ofthe Bendigo goldfield have 
been known for over 100 years. Miners working the reefs last century were aware of the 
presence of pyrite and arsenopyrite adjacent to some ofthe mineralised structures. However, as 
stated previously, the significance of these features was not fully appreciated. The logging of 
around 6 kilometres of drill core, as well as underground mapping, a nd examination of surface 
exposure in the Bendigo region undertaken in this study has allowed for the description and 
interpretation ofthe significance of a range of visible alteration features. 
4.2 Victoria Hill historic reserve 
Alteration features ob served in surface exposure at the Victoria Quartz Mine at the Victoria Hill 
reserve include intense carbonatisation, pyritisation and arsenopyritisation adjacent to gold -
bearing quartz veins. The Victoria Quartz Mine historic reserve offers an excellent o pportunity 
to observe wall rock alteration features that have been exposed to weathering. 
The reserve is situated on the New Chum anticline (NCA), an excellent section of which is 
exposed in a narrow cutting in the central portion ofthe reserve. Outcropp ing meta-sedimentary 
rocks consist of steeply dipping turbiditic sandstone, siltstone, and shale of Bendigonian Be3 
biostratigraphic zonation (Willman and Wilkinson, 1992), with sandstone being the dominant 
rock type within the reserve. Graded bedding and lode structures reflect an upward facing 
succession, with younging directions reversed on opposing sides ofthe anticlinal axis. The meta -
sedimentary rocks generally have a pale bleached appearance that m a y be due to the weathering 
of hydrothermal sericite to clay. 
Mineralised veins within the reserve are typically fractured and friable, and are composed of 
quartz with abundant iron oxide staining, presumably due to the complete oxidation of iron -
bearing phases. Carbonate occurs within wall rock at the re serve as both disseminated carbonate 
porphyroblasts and as zones of intense carbonatisation adjacent to mineralised veins. Carbonate 
porphyroblasts occur throughout the reserve, but seem to be better developed in finer grained 
siltstone and shale beds, rather than in sandstones (Plate 1). They occur as small (0.5 - 1 m m ) , 
equant iron oxide spots that have resulted from the oxidation of iron -bearing carbonate. 
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Complete replacement ofthe porphyroblasts by iron oxide phases has resulted in a distinct lack 
of any distinguishable internal inhomogeneity within the porphyroblasts. Iron oxide phases have 
clearly replaced matrix carbonate within 1 - 1 0 centimetres of veins (Plate 2), with disseminated 
carbonate porphyroblasts outside this zone reaching no higher pro portions than they do several 
metres further away, suggesting that their occurrence isn't controlled by narrow local 
mineralised veins. Complete replacement of the matrix of sandstones adjacent to these veins by 
carbonate (now iron oxides), is indicative o f strong chemical disequilibrium between the ore 
fluid and the wall rocks. Numerous vein types within the reserve area display these haloes of 
carbonate replacement, including bedding-parallel veins, strike-parallel veins and bedding-
discordant veins and spur veins. 
Plate 1: Carbonate porphyroblasts (now replaced by iron oxide phases) from a shale sample at 
the Victoria Quartz Historic reserve 
86 
Plate 2: Well developed iron oxide haloes (replacing matrix carbonate) adjacent to a bedding -
parallel, and an E - W vertical spur vein, in open pit from the Victoria Quartz reserve. View 
looking east. Note also the bleached appearance ofthe host sandstone, which is composed 
entirely of clay and quartz. 
Pyrite distribution in the wall rocks at the Victoria Quart z historic reserve appears to be only 
partly vein-controlled, with disseminated pyrite euhedra up to 2 m m in diameter occurring in 
meta-sedimentary rocks throughout the area. Again, this suggests a more regional scale fluid 
flow control on the distribution of hydrothermal pyrite, although it is possible that a proportion 
of this euhedral pyrite is diagenetic. Overall, disseminated pyrite euhedra comprise « 1 % ofthe 
total volume ofthe wall rock. Pyrite is commonly partly to completely oxidised, leaving on ly a 
cubic pyrite cast with an iron oxide halo. Pyrite also occurs in association with mineralised 
veins, where it occurs as euhedra up to 2 m m in diameter, disseminated in wall rocks (still < 1 % ) 
within 2-3 meters of vein margins. Often where pyrite appea rs to be clearly associated with 
quartz veins, there is abundant arsenopyrite disseminated in the wall rocks. Disseminated pyrite 
also occurs with equal frequency in both fine and coarse grained lithologies. However, where 
pyrite occurs in association with quartz veins, it appears to be slightly larger and of lower 
frequency in slates compared to being more frequent and smaller in sandstones. These euhedra 
also appear to extend further from vein margins in sandstones than in slates. This reflects 
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different hydrothermal fluid flow dynamics related to variable porosity and permeability of 
different rock types. 
The distribution of arsenopyrite in wall rock sediments within the reserve is strongly controlled 
by the distribution of mineralised quartz veins. Arse nopyrite forms haloes of disseminated twins 
adjacent to mineralised veins that extend up to 2 -3 meters from vein margins. Arsenopyrite can 
comprise up to 2 % ofthe wall rocks within these haloes. Individual arsenopyrite twins are up to 
2 cm in length and have been partly to completely oxidized, leaving a cast of the original 
arsenopyrite twin with a surrounding iron oxide halo up to 1 c m in diameter. Arsenopyrite 
appears to be more c o m m o n in coarser, sandy units where disseminations extend up to several 
meters from veins (Plate 3). Fewer laths occur in finer grained units, although those that are 
present appear to be well formed and quite large relative to those in sandstones. Even within 
individual sandstone units adjacent to mineralised veins, there is di stinct variation in the 
distribution of arsenopyrite twins. Arsenopyrite is concentrated within the lower, coarser grained 
portions of these sandstone beds, which again suggests a strong permeability control on 
hydrothermal fluid dynamics. 
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Plate 3: Distribution of large arsenopyrite twins within several sandstone beds adjacent to a 
narrow mineralised quartz vein at the Victoria Hill reserve. Note also the concentration of 
arsenopyrite twins at the base of one ofthe sandstone beds, as well as arsenopy rite development 
within an iron oxide (after carbo nate) halo surrounding a strike -parallel sub-horizontal quartz 
veinlet, placing relative timing constraints on the two vein generations . 
In the vicinity of the NCA within the Victoria Hill reserve, many m eta-sedimentary packages 
appear somewhat bleached, particularly sandstone -rich sequences, being composed 
predominantly of quartz and clay. A similar situation exists within altered sediments of the 
Ballarat East goldfield near surface. This exaggerated ble aching of sediments in the vicinity of 
mineralisation compared to sediments further from mineralisation has been attributed to 
alteration ofthe matrix of wall rock sandstones in particular, to sericite and carbonate that have 
weathered to clays upon exposure to the near surface environment (Besanko, 1996; Bierlein et 
al., 1998a). The distribution of bleached weathered wall rock within the Victoria Hill reserve 
appears to be related to the distribution of mineralised veins near the core ofthe N C A . However, 
the E - W lateral extent of outcrop here is poor, making the drawing of any solid inferences 
difficult. This bleaching of sediments m a y be related to increased fluid flow and hence 
hydrothermal alteration in the vicinity ofthe N C A 
The overall distribution of most visible alteration mineral phases within the Victoria Hill reserve 
seems partly to be related to the distribution of mineralised quartz veins within the area, and also 
partly related to a more regional effect. B y contrast, the distribution of carb onate porphyroblasts 
seems to be independent ofthe occurrence of mineralised veins, as does the distribution of much 
ofthe disseminated pyrite within the wallrocks, suggesting that these features m a y in fact be part 
of a more regional alteration halo. Di stinct alteration phases directly associated with mineralised 
quartz veins within the reserve include euhedral pyrite, arsenopyrite, intense carbonatisation 
adjacent to vein margins and, possibly, bleaching resulting from sericitisation and 
carbonatisation. These phases appear to be more restricted forms of alteration controlled not 
only by the presence of the N C A , but also at the outcrop scale by the presence of individual 
mineralised veins. 
4J Visible wall rock alteration within the Swan Decline box cut 
Mapping at Bendigo Mining's Swan Decline box cut has revealed a range of alteration features 
associated with the movement of auriferous hydrothermal fluids in the vicinity ofthe Carshalton 
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anticline. Weathered sandstone, shale, and siltstone in the box cut display the effects of 
caibonatisation and sulphidation. Meta-sedimentary rocks within the box cut are strongly 
oxidised, producing colors ranging from white, through pale mauve to orange. One unit in 
particular, known as the Smith Sandstone, is strongly altered, with abundant pyrite and 
arsenopyrite porphyroblasts accompanying numerous auriferous quartz veins. 
The distribution of carbonate porphyroblasts within the sediments ofthe box cut is not dissimilar 
to their distribution at the Victoria Hill reserve, with porphyroblasts being disseminated 
throughout. Iron-bearing carbonate porphyroblasts have been weathered to iron oxide phases, 
again making any internal zoning or other internal inhomogeneity impossible to detect. The 
distribution of these porphyroblasts is again lithologically controlled, with porphyroblasts up to 
1 m m in diameter developed in some places. Carbonate porphyroblasts again seem to be well 
developed in shale units where they occur as large spots. Overall, however, carbonate 
porphyroblasts distribution is strongly related to porosity and permeability, with more spots 
clearly occurring in the coarse grained basal portion of upward fining sequences. 
Pyrite occurs throughout the box cut as isolated euhedra up to 1 mm in diameter and al so as 
rarer bedding-parallel trains in slate units. In both instances, pyrite is partially to completely 
oxidised, resulting in euhedral casts with iron oxide stained haloes. Disseminated pyrite euhedra 
appear to be preferentially developed within the coar ser grained basal portion of individual beds, 
again suggestive of strong permeability control on hydrothermal fluid flow. Bedding -parallel 
pyrite trains developed within slate units consist of indistinct, elongate zones of iron oxide 
development, with very fine grained sub-millimeter pyrite casts evident within the iron oxide 
halo. These pyritic trains seem to occur in slate -rich areas where sediments are particularly 
thinly bedded (<1 m m ) . In addition, pyrite occurs as larger 1 -3 m m euhedra within the Smith 
Sandstone. The oxidation of pyrite and arsenopyrite within this 3 m thick sandstone bed has led 
to the strong orange coloration ofthe unit. 
Arsenopyrite within the box cut is restricted to development within the Smith Sandstone, where 
it occurs in association with auriferous quartz veinlets. Well developed arsenopyrite twins occur 
up to several meters from vein margins, with laths being strongly weathered to iron oxide. S o m e 
of the arsenopyrite twins within the Smith Sandstone show evidence of pressure shadow 
development, with quartz occurring at the ends of laths. Arsenopyrite distribution within this 
sandstone unit is strongly controlled by the location of mineralised quartz veins, with the highest 
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ensity of laths occurring closer to vein margins. In dividual arsenopyrite laths are up to 1 c m in 
aigth, appear to be randomly oriented and completely replace pre -existing mineral phases. The 
;lationship between arsenopyrite laths and metamorphic fabrics here, as at the Victoria Hill 
eserve, is unclear due to their preferred formation in coarse grained units with poorly developed 
leavage. 
.ithological controls on the distribution of alteration mineral phases are evident throughout the 
>ox cut, both in the occurrence of disseminated pyrite, pyritic train s in slate, and carbonate 
wrphyroblasts, as well as the occurrence of intense pyritisation, and arsenpyritisation within the 
Smith Sandstone. Arsenopyrite and to some extent pyrite distribution appears to be strongly 
;ontrolled by, and directly related to, the presence of mineralised quartz veins within the Smith 
Sandstone. The presence of disseminated carbonate porphyroblasts, and fine grained pyrite 
euhedra appears again to be independent of the occurrence of mineralised veins, in that they 
occur randomly throughout the box cut. The lack of distinct wall rock alteration associated with 
the Carshalton anticline itself within the box cut m a y reflect the stacking of mineralised zones 
such that zones within the anticline occurred both above and below the curr ent exposure in the 
box cut, with the box cut section of the anticline representing a zone between these mineralised 
intervals. Such an interpretation is supported by the "stacked mineralised ribbon" model 
currently being tested by Bendigo Mining N.L., whereby large N-S elongated mineralised 
structures are thought to be stacked vertically at depth, at intervals of around 100 - 150m. 
4.4 Wall rock alteration, levels 2 and 3, Central Deborah Tourist Mine 
Examination of wall rock sediments within the Central Deborah tourist mine offers an excellent 
opportunity to study well-developed wall rock alteration features associated with mineralised 
bedding-parallel and bedding discordant quartz vein systems. Underground exposure at Central 
Deborah is centered on the m ineralised Deborah anticline, the axial trace of which displays a 
shallow plunge to the south in this area. Bedded siltstone, sandstone, and shale of Bendigonian 
B3 biostratigraphic zonation within the mine workings are folded about the hinge of the 
anticline. Exposure ofthe hinge ofthe Deborah anticline on level 2 shows the nose ofthe fold to 
be quite broad, resulting in a series of bedding -parallel veins being folded without rapturing in 
the hinge zone. 
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A bifurcating mafic dyke of inferred Jurassic a ge intrudes the mineralised Deborah anticline 
within the mine workings. The dyke is near vertical on level 2 and can be seen to cross cut 
bedding in the hinge of the anticline at right angles (Plate 4). It clearly truncates bedding and 
veining, and in places contains both wall rock and vein rafts. In places, the margins ofthe dyke 
are distinctly sheared, suggesting some post -intrusion movement. 
Plate 4: Vertical mafic dyke in the hinge ofthe Deborah anticline, two level, Central Deborah 
mine. 
Mineralisation between levels 2 and 3 at Central Deborah occurs both within bedding -parallel 
veins and within major bedding-transgressive veins. Bedding-parallel veins display well-
developed wall rock laminae suggestive of multiple quartz injection and depositio n events, 
whereas transgressive veins tend to be composed of more massive quartz. Bedding -parallel veins 
exposed on level 2 conformably follow bedding across the hinge of the Deborah anticline and 
form a series of box folds in the hinge ofthe fold (Plate5 ), suggesting significant post-veining 
fold tightening and subsequent disruption of veins. These veins are typically composed 
dominantly of quartz with between 5 and 4 0 % wall rock laminae and minor visible pyrite, 
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arsenopyrite, carbonate, sphalerite, galen a, and gold. A s noted elsewhere within the central 
Victorian goldfields, gold often occurs along wall rock laminae within these veins, along with 
carbonate and sulphides. Clots of coarse gold can be seen to occur in zones where the attitude of 
the veins changes substantially, such as within the hinges of minor box folds. 
Plate 5: Box folded bedding-parallel vein from level 2, Central Deborah Mine, containing 
significant coarse gold in the hinge. 
Bedding discordant veins occur throughout the mine worki ngs. Significant mineralisation is 
associated with several of these larger veins including several near vertical spur veins. Iron -
bearing carbonate phases commonly occur within these veins adjacent to wall rock shale rafts 
(Plate 6). These veins consist do minantly of quartz with lesser carbonate, wall rock clasts, 
arsenopyrite, pyrite, plus trace galena, gold, and sphalerite. Wall rock alteration phases clearly 
visible within the mine' workings at Central Deborah include carbonate porphyroblasts and 
blebs, pyrite, arsenopyrite, and chlorite. 
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Plate 6: Preferred development of vein carbonate adjacent to slate rafts within an auriferous spur 
vein between 2 and 3 levels, Central Deborah Mine. Note also the pyrite -rich portion of one 
veinlet in the upper left of shot. 
Carbonate porphyroblasts occur throughout the mine workings as up to 1.5 m m spots that in 
places appear to be zoned. Where they are visibly zoned, porphyroblasts display a dark brown 
core with a lighter brown/orange rim. The distribution of car bonate porphyroblasts within the 
hinge of the Deborah anticline here is difficult to ascertain, as it appears that they occur within 
most beds, with no particular preferred sites of development relative to major gold bearing -
structures. The porphyroblasts again seem to be well formed and defined within fine grained 
shales and siltstones where they are often zoned, whereas they are perhaps more frequent, but 
less well defined, and rarely zoned within sandstones. Carbonate porphyroblasts have oxidized 
quite significantly on their surface within areas of old mine workings, making recognition 
simple, whereas in fresh exposures they occur as pale grey to white blobs, often resembling 
quartz, and are difficult to locate. Zones of discrete carbonatisation within w a 11 rock meta-
sedimentary rocks occur throughout the mine area, predominantly within sandstone units. This 
preferential development within coarse-grained portions of beds probably again reflects 
increased hydrothermal fluid flow in more permeable parts of the sequence. 
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[ron-bearing carbonate occurs in many instances, not only within veins developed along wall 
rock clasts, but also as vein selvages, where it often also forms discrete carbonate stringer veins. 
Sediments surrounding these stringer veinlets often have a high proportion of carbonate 
porphyroblasts. The margins of, and fractures within, an exposed portion of a monchiquite dyke 
within the mine workings on levels 2 and 3 are rich in calcite, which also occurs as centimeter 
sized isolated blobs within the dyke itself. The timing of emplacement of this and other dykes 
like it within the field precludes hydrothermal alteration related to mineralisation. However, it is 
possible that carbonate phases have been remobilised from already carbonatised wall rocks 
adjacent to the dykes during their ascent. 
Dominant wall rock sulphide phases within the mine workings at Central Deborah are pyrite and 
arsenopyrite. The distribution of both of these phases is strongly controlled by the presence and 
nature of mineralised quartz veining. Pyrite occurs throughout the mine workings as randomly 
located euhedra up to 2 m m in diameter, as fine grained disseminations associated with shale 
beds, and as euhedra and clots adjacent to mineralised quartz veins. Pyrite is w e akly oxidised, or 
unoxidised in fresh exposures, and comprises < 1 % of the wall rock volume. Disseminated 
pyrite euhedra appear to be slightly larger in shale beds compared to those in sandstone beds 
and, as mentioned previously, this m a y reflect the devel opment of diagenetic pyrite under anoxic 
conditions during periods of quiescence. The distribution of pyrite within sandstone units 
appears to be largely lithologically -controlled, with pyrite concentrated commonly at the base of 
these units where they are coarse grained, most permeable, and overlie shale beds. Trains of 
pyrite within shale beds occur as up to 1 m m euhedra within a very fine -grained dusting of sub -
m m pyrite. These pyrite trains can in places, be seen to distinctly pre -date the S _ foliation (Plate 
7). 
Pyritisation of wall rocks adjacent to large spur veins identified in the mine workings is quite 
well developed, particularly within 1 meter of vein margins. Significant wall rock pyrite also 
occurs as clots and narrow fracture fillings adjace nt to spur veins (Plate 8). Pyritisation is 
relatively poorly developed adjacent to bedding -parallel veins, with no obvious sulphidation of 
wall rocks evident. Often the margins of these veins are quite abrupt, and commonly possess 
slicken lines ranging from vertical to horizontal, suggesting both strike and dip slip movements. 
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Plate 7: A well-developed pyrite train elongated parallel to bedding, with the SI foliation 
wrapping around the pyrite at a high angle to bedding, (from sample D F D D H 0 2 89.4m). 
The development of visible arsenopyrite within wall rocks of the mine workings at Central 
Deborah is strongly controlled by the distribution of mineralised quartz veins. Arsenopyrite 
twins, ranging in length from 0.5 to 2.0 cm, are generally restricted to w ithin a few meters of 
auriferous quartz veins where their distribution is clearly controlled to an extent by the 
permeability of wall rock sediments. Arsenopyrite also occurs within the Central Deborah 
workings as vein selvages, and as minor stringer veinl ets extending from these selvages. These 
arsenopyrite selvages occur in association with larger auriferous bedding -parallel and bedding -
discordant veins, and develop extensively where veins intersect carbonaceous black shale beds. 
Arsenopyritisation within wall rock sediments is best developed in slates in zones where these 
vein selvages occur (Plate 9). Arsenopyrite within wall rock sediments often occurs as large 
twins, many of which possess well -developed, quartz -filled pressure shadows. S o m e ofthe la ths 
also display fractures at right angles to their long axis that have been in -filled with quartz. 
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Plate 8: Pyritic clots and veinlets within wall rock shale between 2 and 3 levels, Central 
Deborah, associated with a large mineralised vertical spur v ein. 
Chloritisation of wall rocks occurs within the mine workings associated with a generation of 
variably oriented quartz -chlorite veins. The distribution of these quartz -chlorite veins seems to 
be restricted to areas outside the anticlinal fold hinge, with individual veins typically being < 20 
centimeters in thickness. These quartz-chlorite veins typically contain little or no sulphide, 
minor carbonate, and were known historically to carry no gold. Recent geochemical 
investigations by Bendigo Mining N.L. similarly reflect the lack of gold within these quartz -
chlorite veins (Turnbull pers.comm., 1999). The veins themselves possess clots of dull green 
fine-grained chlorite, as well as chloritic selvages, and narrow chloritic veinlets extending into 
surrounding wall rock sediments. 
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Plate 9: A n arsenopyrite selvage adjacent to a large bedding discordant vein, between 2 and 3 
levels, Central Deborah Mine. 
The effect of chloritisation on wall rock sediments adjacent to quartz -chlorite veins is somewhat 
difficult to visually assess due to the generally dark grey coloration ofthe wall rock. There seem 
to be zones of wall rock chloritisation (and possibly silicification?) surrounding these veins that 
are characterised by somewhat darker grey -green coloration of the host sediments. The 
delineation of wall rock chloritisation via visual assessment m a y be somewhat problematic. 
Further investigation into this form of alteration will better constrain its occurrence and 
significance. 
The distribution of arsenopyri te laths between levels 2 & 3 at Central Deborah is seen to be 
controlled largely by the presence of bedding -discordant auriferous quartz veins. Distinct 
differences occur between the development of arsenopyrite in fine and coarse grained 
lithologies, suggesting strong lithological control on the movement of hydrothermal fluids. 
Pyrite appears to occur, in part, in association with mineralised quartz veins, although the 
occurrence of disseminated pyrite euhedra and pyritic trains within slates appears to be 
independent ofthe occurrence of mineralised veins. Likewise, while some strong carbonatisation 
of wall rock sediments is clearly associated with mineralised quartz -carbonate veins, carbonate 
porphyroblast development occurs within wall rock sediments thr oughout the mine workings. 
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[t appears that individual bedding discordant mineralised veins on the Deborah anticline, within 
the workings at Central Deborah, have distinct haloes of carbonatised and sulphidised wall rock 
sediments, whereas wall rocks directly adjacent to bedding-parallel veins tend to display 
minimal or no wall rock alteration. The more intense wall rock alteration, which is directly vein 
related, occurs within a broader, less well defined halo of carbonatisation and pyritisation that is 
not obviously related to the occurrence of mineralised veining within the mine workings. Visible 
chloritisation of wall rock sediments is restricted to zones adjacent to barren quartz -chlorite 
veins and m a y not be associated with mineralisation. 
4.5 Visible wall rock alteration, Swan Decline traverse 
The exposure of strongly sheared, quartz vein -rich sediments within Bendigo Mining's Swan 
Decline provided an excellent opportunity to investigate a previously untested vein -rich section 
ofthe Bendigo goldfield. It was initially envisaged that analysis of wall rock alteration within 
these sediments would allow comparison between wall rock alteration associated with 
mineralised intersections from anticlinal zones, with wall rock alteration from an intersection 
away from major fold structures as seen here. Subsequent geochemical analysis of vein material 
from within the veined intersection in the decline revealed a lack of significant gold 
mineralisation (Turnbull, pers. comm., 1999). Thus, the investigation of w all rock alteration 
from the decline intersection m a y prove to be more relevant in comparing wall rock alteration 
adjacent to mineralisation with alteration associated with an unmineralised quartz vein 
intersection. 
The interval under investigation occurs between 695 and 735 meters from the decline portal and 
consists of interbedded sandstone, siltstone and shale. Within this intersection, sequence-
grading from sandstone to shale are common, as are thick sandstone beds. Narrow zones of 
bedding-parallel flexural slip separate these from intervals of very thinly bedded siltstone -shale 
units. The measured section trends towards 44.92 degrees, parallel to the strike of the decline, 
and hence the measured section of 40 meters width represents a section with a t rue width of 28 
m. 
Thick, competent sandstone units within the section possess numerous quartz chlorite veins, the 
bulk of which strike sub-parallel to the strike of bedding and dip at 30 -50 degrees to the east. 
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These quartz veinlets appear to be sigmoida 1 in form, having been dragged into and cut off at 
bedding and fault surfaces that display evidence of significant bedding -parallel slip and 
abundant sub-vertical slicken lines. Structural relationships suggest that the veins propagated as 
a result of stresses within these sandstone units, initiated by movement on these sub -vertical 
faults. The thickness of these sandstone units, along with the competency contrast between them 
and surrounding slates has played a major role in the localisation of sigmoidal q uartz tension 
veining. 
Many sub-vertical fault or slip surfaces are evident throughout the section, typically propagating 
within the upper shaley portion of individual beds. In several cases, shale units are seen to be 
enclosed both above and below by th ese fault surfaces. Quartz development along these dip -slip 
structures is not uncommon, with veinlets up to one centimeter in width occurring within zones 
of clay pug and vitreous carbonaceous shale. These structures resemble bedding -parallel veins. 
Individual beds adjacent to these faults are commonly smeared out suggesting significant 
vertical movement in some cases. 
The slip surfaces themselves, although quasi -planar, typically anastamose on the 10's of 
centimeters scale, developing an uneven, h u m m o c k y form. Individual graded beds, along with 
thicker sandstone and siltstone -shale packages, are all separated from adjacent meta -sedimentary 
rocks by these structures. Overall, the mapped section of the Swan Decline displays significant 
dip slip movement, and subsequent juxtaposition of different lithological packages, separated by 
very narrow zones of dip slip faulting (averaging one per 2.1 m ) , with distinctive sub -vertical 
slicken lineations,. This is at odds with much of the exposure within the decline, where on the 
whole, these dip slip structures, and the juxtaposition of different lithologies, although not 
uncommon, are far less prevalent. 
Significant wall rock alteration phases visible within the decline section include carbonate, 
pyrite, and chlorite (see Figure A, back pocket). Carbonate occurs as porphyroblasts up to 1 m m 
in diameter disseminated throughout the wall rock. The porphyroblasts are inconspicuous in 
fresh hand sample, where they appear as slightly cloudy disseminations. However, rapid 
oxidation of iron within the carbonates on exposure in the decline has made identification much 
simpler. O n the scale ofthe entire section, the distribution of carbonate porphyroblasts appears 
to be random, with disseminations occurring within all units, .comprising up to around 1 % ofthe 
rock volume. 
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Within individual units however, distinct differences in the nature and extent of carbonatisation 
ire evident. Within graded bouma sequences, carbonate porphyroblasts seem to be slightly better 
jeveloped and in places zoned within the finer grained upper portions, whereas in the coarser 
grained sandy bases of these units, carbonate porphyroblasts are larger, irregular in shape, and 
fewer in number. Within the thinly bedded siltstone -shale sequences, carbonate porphyroblasts 
appear to be relatively well developed, although no more so than in the fine -grained portions of 
individual graded beds elsewhere. Carbonatisation is less obvious within the large vein -rich 
sandstone units within the section, where porphyro blasts occur no more frequently than 
elsewhere in the section. Hence, no carbonatisation is envisaged to be associated with the 
numerous quartz-chlorite veins within these units. Carbonate porphyroblasts within the 
sandstone units are quite large however, compared to those seen in finer grained units, perhaps 
reflecting increased porosity within these units allowing alteration phases to grow more or less 
unconstrained. The lack of zones of intense carbonatisation within these permeable coarse -
grained units m a y reflect a reduction in the scale of hydrothermal fluid flow in areas away from 
anticlinal hinge zones. 
Pyrite occurs throughout the wall rocks of the decline section as euhedra up to 2 mm in 
diameter, aggregates of euhedra, as well as occurring as anh edral and subhedral trains. The 
distribution of disseminated pyrite euhedra within the wall rock sediments appears to mimic the 
distribution of carbonate porphyroblasts. Their distribution doesn't reflect any real outcrop scale 
variation in their abundance or type. However, the distribution of pyrite within individual 
lithological units varies with grain size and, hence, permeability. Pyrite euhedra comprise 
typically less than one per cent of the rock mass, although this varies from bed to bed. Pyrite 
euhedra tend to be slightly smaller within fine -grained units and the upper parts of bouma 
sequences, compared to those within sandstones. Pyrite often occurs at the boundary between 
coarse and fine-grained units where hydrothermal fluids moving more freely th rough the coarser 
more permeable unit m a y have reacted with the finer grained (often carbonaceous) material, 
initiating pyrite nucleation. Trains of fine -grained anhedral and subhedral pyrite crystals occur 
within several ofthe finer-grained units within the decline section. Several of these trains occur 
within a very thinly bedded siltstone-shale sequence between 721 and 726 meters, where they 
occur as bedding-parallel trains up 40 centimeters long (see Plate 7). In m a ny instances, the 
same very thin beds in which the pyrite has nucleated contain abundant carbonate 
porphyroblasts, suggesting a hydrothermal rather than diagenetic origin for both the carbonate 
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nd pyrite. Individual cubic pyrite euhedra within these trains are in fact composed of aggregates 
,f very fine crystals of pyrite, giving them a somewhat dull appearance. Individual pyrite 
nhedra, subhedra and clusters that comprise the bedding -parallel trains all appear to be pre - to 
iyn-Si, as the Si foliation is disrupted in the vicinity ofthe tra ins. 
Visible wall rock chloritisation is evident from wall rocks adjacent to both bedding -parallel 
juartz-chlorite veins and sigmoidal quartz -chlorite veins within sandstone beds. Chloritisation 
jccurs as indistinct zones of greenish discoloration extend ing no more than a few centimeters 
from vein margins. Even in zones of intense veining, with up to 30 -40 % vein chlorite, wall 
rock chloritisation extends as irregular zones only centimeters into the adjacent wall rock 
sediments. 
The distribution of wall rock alteration phases, with the exception of chlorite, appears to be 
independent of the distribution of quart -chlorite veining. Disseminated carbonate and pyrite 
occur throughout the decline section, with an even distribution overall. However, anisotrop ic 
permeability within individual units has influenced hydrothermal fluid flow and hence the 
distribution of alteration phases. 
4.6 Visible wallrock alteration from drill core, Deborah and Sheepshead lines. 
Alteration logging of over six kilometers of d iamond drill core, through both the Deborah and 
Sheepshead anticlines, has allowed for the description and interpretation of a range of alteration 
features. As noted previously, a total of 11 drill holes have been examined, with all except one 
occurring within an area of around SOOmetres x 800 metres (Figure 32). The spread of drill holes 
within this area makes it possible to examine them here as four separate c ross sections, 123775N 
(Figure B), 123520N (Figure C ) , 123225N (Figure D ) and 121250N (Figure E ). 
The northings referred to form part ofthe grid created by WMC in the 1980s, which is skewed 
approximately 17 degrees west of A M G grid north. The drill core examined is located at 
Bendigo Mining's Swan Decline Office and is stored in trays on open racks outside. Drill core is 
typically stored in aluminium or galvanized iron trays in runs of between six and ten metres, 
depending on the diameter ofthe drill core. 
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[he exposure ofthe diamond drill core at surface has led to weathering and oxidation that, aside 
iom having a detrimental effect on the upper 50 or so metres of already weathered drill core, 
las resulted in the accentuation of certain alteration features, particularly due to the oxidation of 
iron bearing phases such as sulphides and carbonates. In fresher drill core, these features are far 
less pronounced and, subsequently, the older drill core appears to more clearly demonstrate the 
effects of wall rock alteration. 
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Figure 32: Location ofthe drill holes used in this study. 
Trays of drill core were laid out in batches of five to ten trays and the diamond core was 
subsequently examined for visible alteration features. Significant alteration features associated 
with these intervals were logged for later reference (Appendix 1). A s part of this process, 
selected intervals were washed and stained using first dilute hydrochloric acid and then 
potassium ferricyanide to try and identify any variation in the composition of alteration 
carbonate. The application of the ferricyanide stain was largely un successful, except where 
ferroan calcite was encountered, resulting in the production of a bright blue stain. Elsewhere it 
seemed that the oxidation of iron -bearing carbonate had produced an iron oxide crust on the 
surface ofthe drill core that was resist ant to removal by the acid, and hence prevented the stain 
from penetrating. Thus, staining is likely to be more successful on fresh drill core. 
The northernmost of the drill hole cross sections, 123775N, encompasses drill holes BD4017 
and DfddhOl, which were drilled sub-parallel to, and just to the west of, the Sheepshead and 
Deborah anticlines, respectively. Both of these drill holes intersect their respective anticlinal 
axis at depth, with drill hole BD4017 possessing 6 subsidiary drill holes wedged off at various 
depths, whereas DfddhOl has 2 subsidiary wedges intersecting the Deborah anticline (Figure 
A). Drill hole DfddhOl was drilled 98 metres south of BD4017 but has been included on this 
section for convenience. 
The parent hole for drill hole BD40 17 extends for 490.10 metres, with wedges one through six 
wedged off at 324.3m, 378m, 374.7m, 349.7m, 477m and 447.1 metres respectively. Ofthe drill 
hole wedges, numbers three and four intersect mineralised quartz veining at around 500 metres 
below surface. This mineralisation occurs within the "Big Blue Shale" unit ofthe mine sequence 
in the hinge of the Sheepshead anticline. Wedges one, two, five, and six do not intersect 
significant mineralisation, having been drilled just above or below the main or e zone. 
Cross section 123520N is particularly significant, as it possesses 6 drill holes, these being BD4, 
BD4005, BD4007, BD4009, BD4010, BD4012 (Figure B). Drill hole B D 4 passes through both 
the Deborah and Sheepshead anticlines, with BD4005 intersectin g only the Deborah syncline. 
BD4007 intersects the Sheepshead anticline, whereas BD4009 intersects both the Sheepshead 
anticline and syncline, and BD4012 is a vertical hole drilled down the axis of the Sheepshead 
anticline. BD4010 intersects the Sheepshea d syncline and N e w C h u m anticline to the west. 
Drill holes BD4015, BD4016 and Dfddh02 have all been placed on the 123225N cross section 
(Figure C), although BD4015 and Dfddh02 occur around 65 metres and 108 metres north of this 
section, respectively. Drill holes BD4015 and Dfddh02 intersect the Deborah anticline from the 
east and west ofthe structure respectively, whereas BD4016 is an axial drill hole dipping steeply 
to the east following the axis ofthe Sheepshead anticline. 
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diamond drill hole S D D 0 1 occurs at 121250N, which is almost two kilometers south of section 
123225N (Figure D ) . Drill hole S D D 0 1 is also an axial drill hole, dipping steeply to the east 
parallel to, and crossing at several points along its length, the Deborah anticlinal axis. 
Alteration features observed in drill core include both zoned and unzoned carbonate 
porphyroblasts, zones of intense carbonatisation, zones of foliation -parallel carbonate, pyrite 
euhedra, zones of weak bleaching, arsenopyritisation and chloritisation. 
The development of carbonate porphyroblasts in drill core is ubiquitous, with the intensity of 
porphyroblasts development varying from very weak to very strong from bed to bed. Carbonate 
porphyroblasts typically occur up to 1.5 m m in diameter and vary from being simple light brown 
spots to more complex zoned porphyroblasts with darker cores and paler rims (Plate 10). 
Lithological control on the development of carbonate porphyroblasts is particularly well 
demonstrated in drill core, with spotting typically well dev eloped in more permeable beds (Plate 
11). Carbonate porphyroblasts appear to occur in relatively similar proportions overall in both 
fine and coarser grained lithologies. However, as seen elsewhere, porphyroblasts appear to be 
well formed and rounded in si ate and siltstone relative to those seen in sandstone. Although it is 
difficult to be certain from hand sample, it appears that the bulk of carbonate porphyroblasts 
post-date the widespread S _ foliation. In place, however, carbonate porphyroblasts appear t o be 
somewhat elongated parallel to this foliation, perhaps due to flattening during cleavage 
formation. The development of carbonate porphyroblasts with pyritic cores is also seen to occur 
(Plate 12). 
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Plate 10: Well-developed zoned carbonate porphyrob lasts from diamond drill hole BD4012 
wedge B. Note also the presence of darker brown simple unzoned porphyroblasts within this 
sample. 
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Plate 11: Preferential development of carbonate porphyroblasts within slightly siltier beds of this 
interbedded silt stone-slate from BD4017-149.60 m. 
Plate 12: Carbonate porphyroblasts with pyritic cores at the base of a siltstone bed. 
On a small scale, the distribution of carbonate porphyroblasts appears to be related to the 
distribution of certain bedding-discordant quartz-carbonate veins, as the proportion of carbonate 
porphyroblasts reaches up to 20 or 30 per cent where some of these veins intersect certain beds 
(Plate 13). Alteration carbonate has developed as a replacement phase and as porphyroblasts 
concentrating along micaceous cleavage seams (Plate 14). Seen to occur in both slates and 
sandstones, this cleavage seam replacement and spot concentration appears to post -date cleavage 
formation, and m a y result from the concentration of iron - and magnesium-bearing phases in the 
mica-rich cleavage domains preferentially forming sites of iron and magnesium carbonate 
nucleation. Elsewhere elongate clusters of porphyroblasts aligned parallel to bedding occur 
within a background of randomly distributed and oriented porp hyroblasts. Alteration carbonate 
also occurs within the drill core as narrow zones filling open fractures typically oriented either 
sub-parallel to the S i foliation or bedding. These zones of carbonate development were found to 
occur only within slate units (Plate 15), and almost appear in places to be a remobilisation of 
bedding-parallel carbonate into parallelism with the S i foliation (Plate 16) 
Plate 13: Intense development of carbonate porphyroblasts in several thin siltstone beds within a 
largely slatey portion of drill hole B D 4 (BD4 -882m), on the western side ofthe Sheepshead 
anticline. 
Plate 14: Carbonate replacing spaced micaceous cleavage seams, as well as carbonate 
porphyroblasts concentrating along these seams from drill hole BD4012 -57.2 metres. 
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Plate 15: Well developed narrow red -brown carbonate zones elongated parallel to the S . 
foliation. Individual carbonate zones in this instance are discontinuous and are up to 1cm in 
length. Sample BD4016-Wedge 3 depth unknown. 
Plate 16: Narrow zones of carbonate parallel to both bedding and the S i foliation. Note also the 
thin carbonate-pyrite veinlet, which offsets, and hence post -dates, these narrow carbonate zones. 
Sample BD4017-131m. 
In addition to the inferred hydrothermal carbonate occu rrences, which appear to largely post date 
the development ofthe dominant S _ foliation, there exist numerous occurrences of carbonate, the 
origins of which are somewhat enigmatic. These include the occurrence of blobby irregular 
zones of carbonate (Plate 17), large circular carbonate blobs (Plate 18), carbonate -rich laminae 
that follow cross laminae and sedimentary structures in the finest detail (Plate 19), carbonate 
blobs concentrated within and seemingly intermingled with fine grained beds (Plate 20), s lump 
folded carbonate-rich beds (Plate 21), and zones of intense carbonatisation up to 30 c m thick 
(Plate 22) within seemingly massive, weakly altered, thick sandstone sequences. Also noted 
were several occurrences of 2 to 3 m m wide, carbonate -rich zones forming a lattice type 
arrangement (Plate 23). These occurrences m a y have been formed as a result of sedimentary 
lode structure development, with the bulk of the carbonate occurring in zones parallel to 
bedding, with minor wispy blobs of carbonate extending from these zones at right angles 
indicating upward facing. Although the origin of some of these features m a y be somewhat 
uncertain, they all appear to be very closely related to primary sedimentary structures, perhaps 
suggesting that they are themselves at least partly sedimentary, rather than hydrothermal, in 
origin. 
Plate 17: Irregular zones of carbonate developed largely sub parallel to bedding from drillhole 
BD4005 (depth unknown). M a n y ofthe irregular blobs m a y represent disrupted and detached 
sandballs and flame structures. 
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Plate 18: Pyrite-bearing, carbonate-rich nodule with a narrow black shale rim. This 2.5 
centimetre clast appears to be a type of sedimentary rip -up clast. Sample BD4015W2-231.ini. 
Plate 19: Orange-brown iron staining after iron-bearing carbonate intimately following 
sedimentary laminations. Sample BD4005 depth unknown. 
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Plate 20: Pale patches of carbonate concentrated along slate beds. Sample BD4005 -216.15 m. 
Plate 21: Folded carbonate-rich sandstone bed. Sample BD4015 W l , depth unknown. 
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Plate 22: Intense carbonatisation within a thick weakly altered sandstone sequence. The base of 
this zone of intense carbonatisation is bedding parallel, while the upper boundary is irregular and 
somewhat diffuse. 
The occurrence of primary sedimentary carbonate beds has long been identified within the 
Bendigo Goldfield, having been referred to as "cone -in cone-limestone" beds (Willman and 
Wilkinson, 1992). Numerous occurrences of these sedimentary carbonate beds occur within t he 
drill core examined. Most are only a half to one centimetre thick (Plate 23). These sedimentary 
carbonate beds, being quite thin, are much easier to identify in drill core than from either surface 
or underground exposure where the effects of weathering and other factors makes them difficult 
to locate. 
Bleaching of wall rock sediments has also been identified from drill core (Plate 24), where it is 
seen to accompany strong carbonate porphyroblasts development. It m a y be that this represents 
the growth of iron- and magnesium-bearing carbonate porphyroblasts at the expense of other 
iron- and magnesium-bearing phases, such as chlorite, hence removing a significant proportion 
of the more mafic minerals within the sediment. This bleaching seems to be restrict ed to 
sandstone units where the destruction of only a minor amount of chlorite could significantly 
reduce the already meagre amount of chlorite within these beds. 
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Plate 23: Thin sedimentary carbonate bed from diamond drill hole DfddhOl -226.8 m. 
Plate 24: Zone of bleached sandstone bed intersected by several quartz carbonate veins, with 
carbonate porphyroblasts forming clusters parallel to bedding. This m a y repre sent the 
replacement of bedding-parallel mica rich layers. Sample B D 4 -179.3 m. 
Pyrite occurs throughout the observed drill holes in a range of different forms, ranging from 
very fine grained bedding -parallel disseminations, to coarse, perfectly formed isolated euhedra 
or clusters of euhedra, and as the cores to carbonate porphyroblasts. As seen from underground 
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exposure at Central Deborah and within the Swan Decline, fine grained, bedding -parallel pyrite 
disseminations are restricted to within fine grained lithologies, particularly grey -black and black 
slates (Plate 25). T h e distribution and nature of these pyrite disseminations are suggestive of a 
syn-sedimentary or diagenetic origin. Their occurrence in association with pelagic and 
hemipelagic sediments, along with a lack of any obvious relationship between their occurrence 
and either distance to mineralisation or the presence of any other visible alteration phases also 
support a non-hydrothermal origin for this type of pyrite. 
Plate 25: A n excellent example of a train of fine-grained, bedding-parallel pyrite from drill hole 
Dfddh02 -146.7 m . 
Large pyrite euhedra occur throughout the mine sequence at Bendigo as isolated euhedra (Plate 
26), and as clusters of euhedra (Plate 27). These euhedra range in size from sub -millimetre to 1 
cm in diameter and occur as both perfectly formed cubic crystals and as fine-grained aggregates 
with an overall euhedral form. Pyrite euhedra occur in both coarse and fine -grained lithologies, 
with the dominant control on their location being the occurrence of significant quartz and/or 
quartz-carbonate veining (Plate 28). Pyritisation seems to be particularly well developed near the 
margins of black slate units where they intersect more permeable sandstone beds. This m a y 
reflect the interaction of two effects, namely increased hydrothermal fluid flow within 
permeable and sometimes semi-confined sandstone beds, and the interaction of these fluids with 
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black carbonaceous slate units that m a y either have already possessed some diagenetic pyrite 
prior to the introduction of the hydrothermal fluids, or acted as a redu ctant for sulphur. 
Typically, pyrite euhedra occur scattered throughout the sequence, but a distinct increase in their 
occurrence is observed as mineralisation is approached. Pyrite occurs as stringer veinlets 
associated with quartz-carbonate veins adjacent to mineralised structures. Commonly, the 
wallrocks in areas where these occur have a significant proportion of pyrite as disseminated 
euhedra. Pyrite euhedra commonly occur at the margins of, and associated with, wallrock 
laminae within bedding-parallel veins throughout the sequence. Wallrocks adjacent to these 
veins do not seem to be particularly enriched with respect to pyrite, further supporting a more or 
less sealed fluid pathway within these veins as suggested by Phillips and Hughes (1995). 
Plate 26: A large isolated pyrite euhedra composed of numerous minute pyrite euhedra. Sample 
DfddhOl-70.5 m. Note the presence of a zone of pale carbonate altered slate adjacent to this 
pyrite euhedra. 
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Plate 27: Numerous pyrite euhedra within a siltstone bed between two black slate beds. Sample 
Dfddh02 340.86 m. 
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Plate 28: Pyrite developed within a zone of intense carbonatisation adjacent to significant quartz 
carbonate veining. Note also pyrite developing within a permeable siltstone bed as a series of 
small euhedra. Sample B D 4 - 324.95 m. 
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The development of arsenopyrite is characteristic of wallrock alteration adjacent to large 
mineralised structures within the Bendigo Goldfield. It can be seen from the drill holes 
observed that the development of arsenopyrite is restricted to within 10 metres of major 
mineralised structures in the hinge of the Deborah and Sheepshead anticlines. Arsenopyrite 
again typically occurs as twins up to 3 centimetres in length (Plate 29), as well as occurring as 
single laths and small to large irregular blobs. These laths within wall rock typically display the 
effects of brittle deformation, with fractures and quartz -filled pressure shadows suggesting that 
this phase of wall rock alteration was at least partly coeval with th e main deformational episode 
(Plate 30). Individual arsenopyrite laths appear to be randomly oriented and completely replace 
pre-existing mineral phases. Where they occur, they also appear to overprint the S i foliation, 
thus suggesting that they formed ver y late in the deformational history, just after the last stages 
of cleavage formation. Arsenopyrite appears to occur in equal proportions in both coarse and 
fine-grained wallrocks, although it seems that those formed within slate beds are somewhat 
larger and fewer compared to sandstones, where numerous smaller laths occur. Arsenopyrite 
distribution is controlled by the location of mineralised quartz veins, with the highest density 
occurring closest to the margins of mineralised veins (Plate 31). 
Plate 29: Arsenopyrite lath within a slate bed adjacent to mineralisation on the Sheepshead 
anticline. Note also the presence of euhedral pyrite and numerous small carbonate 
porphyroblasts. Sample B D 4 - 660 m . 
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Plate 30: A single arsenopyrite lath with fracture s at right angle to its long axis. Each segment 
ofthe lath has been rotated, and quartz has in -filled the fractures and pressure shadows at either 
end ofthe lath. 
Plate 31: Numerous small arsenopyrite laths and less well defined blobs directly adjac ent to a 
mineralised vein structure on the Sheepshead anticline. Sample B D 4 - 663.7 m . 
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The occurrence of wallrock chloritisation as an alteration feature, is somewhat difficult to 
quantify visually. Wallrock chloritisation occurs adjacent to quartz -chlorite veins, where the 
transformation of wall rock within centimeters of these veins to a deep green color makes the 
effect somewhat obvious (Plate 32). Drillholes intersecting major mineralised structures on both 
the Deborah and Sheepshead lines reveal wall r ocks that are slightly more greenish and which 
have a somewhat glassy appearance within ten to twenty metres of mineralisation. Initially this 
resembled chloritisation. However, in view of the somewhat glassy appearance of the wall rock 
and the fact that sedimentary grain textures are difficult to recognise, it m a y by that this 
appearance results from the removal of silica from wallrock sediments, which in turn would 
increase the proportion of mica. The removal of silica from these meta -sedimentary rocks could 
also explain the textural changes, with individual quartz grains sutured to those adjacent to them. 
On a regional scale, however, the presence of chlorite as a significant metamorphic and possibly 
detrital phase within the turbiditic sediments ofthe B endigo region makes visually assessing any 
broad alteration related changes in the appearance or abundance of chlorite problematic. Hence, 
the relationship between wall rock chloritisation and the introduction of auriferous fluids based 
on visual assessment is uncertain. 
Plate 32: Intense chloritisation of a small portion of wall rock adjacent to a ten centimetre thick 
quartz-chlorite vein. Sample B D 4 0 0 7 47.5 m . 
The relationship between veining and alteration in drill core provides an opportunity to ob serve 
the interaction between veins, which represent the precipitation of mineral phases from 
120 
hydrothermal fluids in open fractures and spaces in the wallrock created during deformation, and 
wallrock alteration phases, precipitated from the same or similar fluids to those responsible for 
vein formation as they passed through the rock mass itself. O n a small scale, wallrock alteration 
haloes surround individual veins, such as narrow zones of wallrock pyritisation and/or 
carbonatisation adjacent to narrow bed ding-discordant veins and zones of arsenopyritisation ten 
metres in width adjacent to major vein systems within anticlinal hinge zones. Elsewhere, quartz -
carbonate and quartz-chlorite veining occurs within zones of variably intense carbonate and 
pyrite alteration with no direct relationship between wallrock alteration and the nearby veins. 
General trends observed from drillcore regarding the nature of wall rock alteration adjacent to 
various vein types allows a better understanding of the scale and nature of hydrothermal fluid 
flow within these different vein types. Wallrock alteration directly attributable to numerous 
bedding-parallel veins is typically very minor, with narrow zones of pyritisation extending no 
more than a couple of centimeters from vein m argins being the most typical visible expression 
of this alteration (Plate 33). Bedding -discordant veins result in far more striking wallrock 
alteration effects on the small scale. In many instances zones of intense carbonatisation and 
bleaching extend m a n y tens of centimetres from the margins of small bedding discordant quart -
carbonate veins (Plate 34). A s anticlinal axes and, to a lesser extent synclinal axes, are 
approached, the frequency and complexity of vein arrays increases making it difficult to dis cern 
which alteration effects are related to individual veins. In some cases however certain alteration 
phases are clearly related to individual veins (Plate 35). 
4.7 Overall Visual Alteration Trends 
Although each individual drill hole displays unique al teration effects, it is more constructive 
here to discuss overall visual alteration patterns on a larger scale. Details of the occurrence of 
alteration features within individual drill holes can be found in the alteration drill logs an 
example of which can be seen in Appendix 1. 
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Plate 33: Narrow zone of pyritisation adjacen t to a narrow bedding-parallel vein. Sample 
BD4005 - 87.5 m. 
Plate 34: Well defined bleaching and carbonatisation extending from narrow quart -carbonate 
veinlets, overprinting on e arlier generation of carbonate porphyroblasts. Sample B D 4 - 39.85 
metres. 
Plate 35: Arsenopyrite twin casts and associated iron oxide halo developed adjacent to an 
isolated quartz vein. Sample B D 4 0 1 2 - 38.7 m. 
Wallrock alteration patterns identified from surface and underground exposure, and diamond 
drill core intersecting the Deborah and Sheepshead anticlines are suggestive of alteration zoning, 
with the alteration system centred largely on major mineralised structures associated with high 
strain zones, namely anticlinal fold hinge zones. A n extensive carbonate alteration halo, 
represented largely by carbonate porphyroblast development, as well as those other 
manifestations mentioned previously, envelops the entire width of the study area and effects 
virtually every sedimentary bed to some degree. O n the drill core scale, it appears that the 
intensity of carbonate alteration is somewhat erratic, with individual beds up to 150 metres 
removed from mineralisation displaying intense carbonatisation, wherea s beds m u c h closer to 
mineralised structures m a y display only minor carbonatisation. Likewise beds within metres of 
large mineralised structures m a y display either strong or weak carbonatisation. Overall, 
however, it appears that there is a slight increase in the intensity of carbonatisation closer to the 
cores of anticlines. 
The occurrence and intensity of widespread carbonate alteration within the Deborah and 
Sheepshead lines must be controlled by numerous factors. A m o n g the more significant of these, 
in order of probable significance, are the proximity of sediments to major hydrothermal fluid 
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mduits, the interconnectedness of fluid pathways (hence strongly controlled by the nature and 
ning of brittle deformation), the permeability of lithological pa ckages and individual beds 
.thin those packages, the proportion and location of more permeable and less permeable beds 
ith respect to one another, and the lateral continuity of lithological packages and individual 
eds and the mineralogy of the wallrock sediments themselves. Acknowledging this array of 
ictors influencing the distribution of carbonate alteration phases allows us to better understand 
ie enormous scale of the hydrothermal system which must have been in operation to produce 
uch a widespread and pervasive alteration halo. 
Vallrock pyritisation appears to mimic, to an extent, the distribution of carbonate alteration 
)hases, with pyrite euhedra occurring throughout the wallrock sediments over the entire study 
irea. The effects of pyritisation are generally less pervasive than carbonatisation, although the 
xmtent of hydrothermal pyrite within wallrock sediments also appears to increase closer to 
mticlinal hinge zones. Pyrite occurs at a background level within the wall rock, such that most 
individual beds possess at least minor euhedral pyrite. Beds directly adjacent to bedding -parallel 
and certain bedding-discordant quartz-carbonate veins display an increase in pyrite content, 
whereas there is an increase in pyrite content within 1 0 - 2 0 metres of mineralised structures on 
both the Deborah and Sheepshead anticlines. Wallrock clasts are sometimes strongly pyritised 
within major auriferous structures, and pyrite stringer veins and pyritic vein selvages also occur. 
Chloritisation of wallrock sediments undoubtedly occurs within the Bendigo area, with distinct 
narrow zones of hydrothermal chlorite development occurring adjacent to quartz -chlorite veins 
throughout the sequence. A s mentioned previously there exists a somewhat greenish coloration 
to wall rocks adjacent to anticlinal hinge zones in many of the observed drill holes. The 
significance of this is unknown and in fact seems not to result from the introduction of 
hydrothermal chlorite. The occurrence of chlorite as a distinct wallrock alterat ion phase is 
important, as veins associated with wallrock chloritisation are known, both historically and 
presently, not to contain significant gold mineralisation. There does not seem to be an increase 
in the frequency of quartz-chlorite veining and associated narrow zones of wall rock 
chloritisation as anticlinal hinge zones are approached. If, however, as m a y be the case, quartz -
chlorite veining is significantly removed from both mineralised quartz and quartz -carbonate 
veins, in terms of timing, then any vein chlorite, and hence wallrock chloritisation, m a y have 
been overprinted by the introduction of large volumes of later hydrothermal fluids. 
Hydrothermal vein chlorite partly replaced by iron -bearing carbonate is seen in only a couple of 
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sections of drill core from the study area (Plate 36), supporting the interpretation outlined above. 
Hie occurrence of quartz-chlorite veining and associated wallrock chloritisation in association 
with zones of tensional opening linked to bedding -parallel flexural slip and vertical slicken 
[ineations from the S w a n Decline intersection is also suggestive of an early timing for quartz -
chlorite veining and, hence, wall rock chloritisation. 
Plate 36: Hydrothermal vein chlorite being replaced by iron -bearing carbonate. Note also two 
calcite rhombs adjacent to the chlorite. Sample B D 4 - 108.2 metres. 
Wallrock arsenopyritisation is clearly restricted to zones adjacent to significant mineralised 
structures, usually in or adjacent to the hinges of anticlines. Wallrock arseno pyrite has also been 
identified in previous studies from adjacent to minor mineralised structures within synclinal 
hinge zones. Thus, it would appear that the development of wall rock arsenopyrite is dependent 
to an extent on proximity to areas of higher h ydrothermal fluid flux, as well as on the 
physicochemical conditions within the hydrothermal fluids in these zones. The apparent loci of 
the bulk of auriferous vein systems, and hence the core of the wallrock alteration haloes within 
the Bendigo goldfield, is intimately related to the deformation patterns and predisposition of 
zones of higher strain (now seen as synclinal and, particularly, anticlinal hinge zones) to fail in a 
brittle manner towards the end of bulk regional E - W shortening. This concentratio n of brittle 
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leformation in the hinges of folds has resulted in the formation of zones that acted as the most 
jffective hydrothermal fluid pathways. Diamond drill hole BD4012, drilled vertically d o w n the 
ixis of the Sheepshead anticline, illustrates this point well, with wallrock displaying strong 
tfrbonatisation, bleaching, pyritisation, and arsenopyritisation along virtually the entire length 
.fdrillcore. 
4.8 Comparison of wallrock alteration adjacent to mineralised and unmineralised 
structures 
The observation of wall rock alteration features from diamond drill hole SddOOl allows a 
comparison of alteration effects adjacent to a major quartz vein system on the Deborah anticline 
that has proven to carry no gold, with the same structure on the Deborah a nticline within the 
main study area some 2 kilometres north, where it is auriferous. Drillhole SddOOl possesses 
significant carbonate alteration features, comparable with those seen from drill holes intersecting 
the Deborah anticline further north, along w ith minor pyrite distributed throughout the wallrock 
sediments. Minor wallrock chloritisation is also seen within drill hole SddOOl, where it occurs 
within sandstones adjacent to a five metre interval of intense quartz -chlorite veining. The main 
wallrock alteration feature conspicuous by its general absence within SddOOl is arsenopyrite. 
Whereas wallrock sediments adjacent to mineralised vein systems within the hinge of the 
Deborah anticline further north possess significant arsenopyrite within ten metres o f 
mineralisation, major vein systems adjacent to the Deborah anticline intersected by SddOOl lack 
arsenopyrite. One single arsenopyrite twin was seen from drill hole SddOOl adjacent to a 
strongly veined section of drill core some 25 metres to the east of t he anticlinal fold hinge. 
Interestingly, the veins within this section of drill core displayed largely quartz and carbonate as 
the major phases, with minor chlorite at the vein margins being replaced by carbonate. Wallrock 
directly adjacent to major quartz and quartz-carbonate veining within the hinge ofthe Deborah 
anticline in this drill hole display strong carbonate alteration with well developed carbonate 
porphyroblasts and zones of carbonate flooding, particularly in sandstones, along with bleaching 
associated with the introduction of carbonate. 
The absence of both wallrock arsenopyrite and vein gold from these major vein structures on the 
Deborah anticline must be significant given the obvious relationship between two features 
further north. The wallrock alteration patterns observed are suggestive of distinct generations of 
alteration, with one or more phases of hydrothermal fluid movement associated with 
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arsenopyritisation and, possibly, pyritisation responsible for gold precipitation. A significant 
volume of hydrothermal fluid responsible for some of the wallrock carbonatisation pyritisation, 
bleaching and chloritisation was possibly not auriferous. The lack of gold within this structure to 
the south may also have been related to minute changes in fluid chemistry along the length of 
the structure, or alternately gold mineralisation m a y be concentrated towards the upward domal 
portion of the doubly plunging anticline. The fact that most historical production came from 
mines closer to the apical portion of the folded terrain, which happen to be virtually right under 
the heart ofthe city of Bendigo, supports this interpretation. 
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Chapter 5: Petrology 
5.1 Introduction 
Over the course of this study a total of 76 polished thin sections have been produced from 
a range of samples sourced from drill holes, as well as underground and surface 
exposures. Thin sections include samples from a variety of distances away from 
mineralisation representing a wide range of lithologies. These samples were examined in 
thin section to constrain the nature of wallrock alteration phases, the extent of their 
development, the relationship between various alteration phases, and between alteration 
phases and metamorphic or sedimentary phases. It was also hoped to establish timing 
relationships between the various hydrothermal alteration phases and deformation. 
5.2 Sedimentary and metamorphic features 
Samples taken from diamond drill core, underground and surface exposure represent 
lithologies ranging from coarse -grained sandstones and grits, down to pelagic and hemi -
pelagic shales and slates, as well as sedimentary carbonate, and mafic dykes of supposed 
Jurassic age. Both matrix-supported and clast-supported sandstones occur, and quartz 
clasts tend to range from moderately rounded to angular. Detrital feldspar, occurring as 
albite, commonly displays well developed twinning. Large detrital muscovite flakes 
within sandstone samples can reach up to 2 m m in length. However, the bulk ofthe micas 
within most samples appear to be metamorphic in origin, being aligned roughly parallel to 
or occurring within cleavage seams. Detrital zircon, tourmaline, rutile and a range of rare 
earth phosphate minerals occur as accessory phases, along with apatite and pyrite. 
Numerous chert clasts have been identified in section, where they are up to 2 m m in 
diameter. Several of these chert clasts display interesting internal featur es, including the 
presence of small carbonate porphyroblasts and, in one case, euhedral pyrite (P late 37). 
Other, more enigmatic lithic clasts were also found within coarser grained samples, 
including a well rounded finely striated clast (P late 38). This clast displays strong greyish 
purple birefringence, and m a y be composed of sedimentary carbonate. Several sandstone 
samples contain quartz clasts with pale green vermicular chlorite (Plate 39), indicating 
that these clasts were sourced form a region with qu artz-chlorite veining. 
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Plate 37: Small chert clast within a poorly sorted, clast-supported sandstone. Note the 
presence of a small euhedral pyrite and an elongated carbonate porphyroblast. Sample 
B W D 712.6m (Swan Decline). 100X m agnification. 
Plate 38: Striated lithic clast with purple-grey birefringence of possible carbonate 
composition. Sample B W D - 712.6 m (Swan Decline). 100X magnification. 
Plate 39: Large quartz clast containing abundant vermicular chlorite. Sample B W D -
712.6 m (Swan Decline). 50X magnification. 
Primary sedimentary layering and sedimentary structures are often clearly visible in thin 
section, and are important in that their occurrence often highlights the strong lithological 
control on the movement of hydrothermal fluids. S trong pyritisation and/or 
carbonatisation commonly occurs at the base of permeable siltstone or sandstone beds 
where they overlie finer grained, less permeable units, or where a sedimentary load 
structure juxtaposes permeable and less permeable units. The sedimentology of very fine 
grained samples has largely been overprinted by the development of metamorphic 
minerals and fabrics. Fine grained samples are dominated by fine grained micas plus very 
minor quartz and minor accessory phases. Fossil fragments are quite scarce within the 
observed samples, with only one sample displaying well preserved phosphatic segments 
(Plate 43). This sample has numerous zones in which these fossil fragments occur and the 
dominant metamorphic fabric is seen to wrap around them. 
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Plate 40: Phosphatic fossil fragments with the dominant S _ foliation wrapping around 
them. Sample SddOl - 132.2 m. 
Metamorphism of sediments as a part of the protracted E -W compressional event has 
resulted in the formation of well developed cleavag e in both coarse and fine-grained 
units. Mica alignment within sandstone units occurs as discrete mica -rich spaced cleavage 
seams up to one centimetre apart. Matrix metamorphic micas that occur between these 
cleavage seams are still generally oriented par allel to the cleavage. Within finer grained 
sediments the dominant S i foliation is defined by the alignment of metamorphic micas. 
Quartz clasts within sandstones range from unstrained, to strongly deformed with well 
developed undulose extinction and even s ub-grain development in some cases. Serrated 
quartz grain boundaries are not c o m m o n and mica beards are often developed within the 
pressure shadows of quartz clasts. Chlorite is common (Plate 41) and occurs as a 
retrograde phase after detrital and metamorp hie muscovite, as well as detrital biotite. The 
occurrence of detrital biotite (Plate 42) within samples from Bendigo is suggestive of 
lower regional metamorphic grade than is seen in the Ballarat area where no detrital 
biotite remains. 
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Plate 41: Large detrital muscovite lath, which has largely been altered during retrograde 
metamorphism to chlorite. Sample BD4015W1 - 172.2 m. 
Plate 42: Muscovite partially replaced by chlorite, along with a single small detrital 
biotite lath. Sample B D 4 - 639.4 m. 200X magnification. 
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Several different forms of primary sedimentary carbonate have been identified from the 
Bendigo goldfield in the course of this study, as outlined previously. Typically, pelite 
beds rich in sedimentary carbonate are overlain by up to a co uple of centimetres of 
micritic cone-in-cone carbonate. Typically, these cone-in-cone carbonate beds are 
composed of weakly recrystallised micritic carbonate with around 1 0 % qua rtz and 
phyllosilicate clasts (Plate 43). Where the Si foliation occurs, it is strongly refracted 
through these carbonate beds. A 20 micron thick crystalline carbonate layer occurs at the 
base of these sedimentary carbonate beds, and is in turn overlain by 300 -400 microns of 
crystalline carbonate that grades into more micritic carbon ate. Pyrite occurs within one of 
these carbonate beds as rare isolated 1 0 - 2 0 micron euhedra and as clusters. 
Plate 43 shows a sedimentary cone in cone carbonate bed underlain by a carbonate rich 
fine-grained siltstone. Sample BD4015 - 173.1 m. 2 5 X magnification. 
Zones rich in sedimentary carbonate within sandstones also occur within a couple of 
metres of these distinctive cone-in-cone beds. These zones are marked by the presence of 
a micritic carbonate matrix with the remaining 20 - 3 0 % ofthe sample composed of quartz 
clasts and detrital muscovite laths. Foliation is relatively poorly developed within these 
carbonate-rich sandstone samples, with carbonate in places crystalline and in others 
micritic. The boundary between the carbonate -rich portions of these sandstone beds and 
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the less carbonate-rich sandstone beneath it is bedding -parallel, again suggestive of a 
sedimentary origin. Sedimentary carbonate nodules up to 5 c m in diameter are composed 
again of micritic carbonate, and are seen to have bedding laminae wrapping around them. 
Internally, the nodules possess minor pyrite as well as pyritic quartz porphyroblasts, the 
significance of which is somewhat enigmatic. The nodules appear to have a core of 
slightly less micritic carbonate and are concentrical ly zoned. The dominant S _ foliation is 
refracted strongly through these features, where it occurs as rare discrete fracture seams. 
Irregular blobs of carbonate identified from diamond drill core can be seen in thin section 
to occur as discrete zones of cr ystalline carbonate development, typically with a rim of 
micas elongated parallel to the edge of the blob. In many instances these features appear 
to be sedimentary carbonate within sedimentary lode -type structures. Within these 
irregular shaped carbonat e-rich blobs, the quartz, muscovite and albite content is lower 
outside these features. The occurrence of crystalline carbonate within several sedimentary 
carbonate beds m a y reflect the later effects of hydrothermal alteration. The observation of 
these features in section leaves little doubt as to their being sedimentary in origin. The 
significance of sedimentary carbonate as part of the processes involved in gold 
mineralisation is unknown, but the occurrence of sedimentary carbonate in the quantities 
observed was certainly not expected. 
53 Hydrothermal carbonate 
Carbonate porphyroblasts, representing the most pervasive and widespread alteration 
phase, occur with a range of shapes, sizes and textures throughout the wallrock sediments 
of the Bendigo area. Textural relationships are suggestive of both syn - and post-Si 
porphyroblast development. They range in size from 20 - 30 microns up to 2 m m in 
diameter, with porphyroblast size being influenced by the lithology of the host rock. In 
many cases, carbonate porphyroblasts within sandstone are constrained to occur within 
the matrix, hence the proximity of large quartz clast s can limit porphyroblast size. More 
commonly however, carbonate porphyroblasts replace all pre -existing sedimentary and 
metamorphic mineral phases. They are seen most commonly to replace metamorphic and 
sedimentary mica phases in both co arse and fine-grained samples (Plate 44), and are also 
seen to partially to completely replace quartz and albite (Plate 45). Within finer grained 
samples, the replacement of sedimentary and metamorphic mineral phases by ca rbonate is 
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far more pronounced. Commonly there remain only one or two small muscovite laths or 
quartz clasts within carbonate porphyroblasts (P late 46). 
Plate 44: Carbonate porphyroblasts replacing matrix micas within a poorly sorted 
sandstone unit. Note also the crystalline core and more micritic rims to the 
porphyroblasts. Sample B D 4 - 681.75 m. 50X magnification. 
Plate 45: Carbonate partially replacing a rounded quartz clast within a moderately well 
sorted sandstone. Note also the large euhedral pyr ite. Sample B D 4 - 681.75m. 2 5 X 
magnification. 
Carbonate porphyroblasts occur in a variety of shapes ranging from irregular, through 
circular to elongated and rhombic. Coarser grained samples seem to possess the bulk of 
the more irregular shaped porphyroblasts, largely due to the c onstraints placed on 
porphyroblast growth by large detrital clasts, whereas roughly circular porphyroblasts 
occur within both coarse and fine grained samples. Carbonate porphyroblasts elongated 
parallel to the dominant Si foliation are perhaps indicative o f some deformational 
influence on their preferred growth direction. This m a y indicate a syn -Si timing for a 
portion of porphyroblast growth. These porphyroblasts often possess internal sulphides, 
whereas porphyroblasts that clearly post-date Si do not. Although these elongate 
porphyroblasts are not common, their occurrence suggests that hydrothermal fluid flow, 
and hence wallrock alteration processes, were in place before the cessation of 
deformation. 
Well-defined rhombic carbonate porphyroblasts are conce ntrated within finer grained 
samples, where they are also often clearly zoned. These carbonate rhombs seem to be 
largest and best developed within samples closer to major mineralised structures. This is 
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well illustrated in a series of samples from diamond drill hole B D 4 where samples further 
than 35 m from mineralisation on the Sheepshead anticline do not possess rhombic 
carbonate porphyroblasts whereas the porphyroblasts within this 35 m window increase in 
size and become more rhombic in form closer to mineralisation (Plate 47). Samples 
C D 2 m N W , 4.3mNw, and 7 . 5 m N W from the Central Deborah tourist mine traverse also 
possess well developed rhombic carbonate porphyroblasts. As outlined previously, these 
samples from Central Deborah were collected from within a few metres of mineralised 
veins in the core ofthe Deborah anticline. This tendency for carbonate porphyroblasts to 
develop more perfect rhombic form as major mineralised structures are approached may 
be related to increased hydrothermal fluid flow along major structures within the cores of 
these anticlines. Increased hydrothermal fluid flow in these structures in turn would have 
lead to increased fluid flow within wall rock sediments closer to the cores of anticlinal 
structures compared with sediments more distal, leading to a more constant supply 
hydrothermal fluid, allowing for more or less continuous growth of porphyroblasts, and 
hence allowing them to better develop true crystal form. 
Plate 47: Well developed zoned rhombic carbonate porphyroblasts from within 10 metres 
of mineralisation on the Sheepshead ant icline. Sample B D 4 - 679m. 50X magnification. 
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The texture of individual carbonate porphyroblasts varies from micritic to highly 
crystalline, with some porphyroblasts containing numerous inclusio ns and others none. 
The occurrence of carbonate porphyroblasts with significant textural zoning is not 
u n c o m m o n in samples from within 50 metres of mineralisation, whereas samples from 
further out do not commonly display zoning. Typically, crystalline cor es are surrounded 
by micritic porphyroblast rims (Plate 46). In some cases, as many as three textural zones 
are evident, with a micritic core, crystalline mantle and micritic rim being the most 
c o m m o n configuration (Plate 48). The texture of individual porphyroblasts varies from 
sample to sample, although there does appear to be a slight correlation between the 
crystallinity of carbonate porphyroblasts and distance to anticlinal fold axes. Again this 
may reflect higher and more constant hydrothermal fluid f low closer to zones of structural 
complexity within fold hinges. 
Zones of intense carbonatisation are characterised by virtually complete matrix 
replacement and partial replacement of detrital micas, albite, and quartz. Carbonate within 
these replacement zones is typically strongly crystalline with well developed twinning, 
suggestive of flooding by C O 2 during carbonate precipitation. The factors determining the 
location of these zones of intense carbonate replacement are difficult to determine given 
the fact that a significant proportion ofthe host rock, along with any pre -existing textures, 
have been replaced. Various stages of this intense carbonatisation are observed in thin 
section, with carbonate replacement of matrix mineral phases ranging from parti al to 
complete (Plate 49). 
The margins of these zones of intense carbonatisation are typically diffuse and often 
grade into zones of strong porphyroblast development. These zones often occur in the 
proximity of bedding-discordant quartz-carbonate and/or carbonate veins, suggesting that 
these m a y have been involved in the focusing of C O 2-rich fluids into certain sedimentary 
units. These zones of carbonatisation occur somewhat more frequently within samples 
from diamond drill hole SddOOl, where they are the dominant form of carbonatisation. 
This is at odds with samples from elsewhere, as carbonate porphyroblasts form the bulk 
of observed carbonatisation, whereas zones of intense carbonatisation are less common. 
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Plate 48: Texturally zoned carbonate porphyro blast with three textural zones, micritic 
core, crystalline mantle, and micritic rim. Note also the presence of abu ndant pyrite along 
with arsenic-bearing sulphides within and adjacent to a deformed quartz -carbonate 
veinlet. Sample B D 4 - 651.8 m. 25X magnification. 
Plate 49: Partial carbonatisation ofthe matrix of a sandston e bed. Sample B D 4 - 620 m . 
50X magnification. 
Carbonate minerals comprise a significant proportion of many veins, and even form veins 
in their o w n right. In most cases, carbonate is subordinate to quartz in veins, although in 
some cases, iron-bearing carbonate phases can form the bulk ofthe vein volume. O n the 
thin section scale, the pres ence and nature of small quartz -carbonate veinlets significantly 
influences the formation of carbonate as a wall rock alteration phase. In many samples, 
the formation of carbonate porphyroblasts is directly related to a carbonate -rich portion of 
a narrow veinlet. 
5.4 Hydrothermal pyrite 
Pyrite of inferred hydrothermal origin occurs distributed thro ughout the wallrock 
sediments in the vicinity ofthe Sheepshead and Deborah anticlines, and occurs in a range 
of sizes, shapes and with a range of textures and relationships with other hydrothermal 
phases. Individual euhedra range from 1 -5 microns to up to 1 c m in diameter. As a 
general rule, euhedra formed closer to mineralised structures near the cores of anticlines 
tend to be larger (as well as increasing in frequency), compared to the average size of 
euhedra further from mineralisation. Pyrite occurs in a range of different shapes including 
triangular and cubic euhedra, along with less regular blobs and partially formed euhedra. 
Hydrothermal pyrite completely overprints pre -existing detrital and metamorphic phases 
and overprints the S i foliation in all cases, except where it occurs within pre - to syn-Si 
quartz porphyroblasts. 
Many pyrite euhedra possess well-developed quartz-filled pressure shadows (Plate 50), 
whereas others abut neighbo uring sedimentary and metamorphic phases without so much 
as the narrowest of rims of any kind separating them. Unlike carbonate porphyroblasts, 
the growth of pyrite euhedra does not appear to be in any way restricted by the presence 
of large quartz or albite clasts within sandstones. Euhedra seem to replace portions of 
clasts in order to obtain their preferred crystal form (Plate 51 ). Texturally, pyrite euhedra 
vary from clean solid cubic euhedra with no inclusions to strongly poikiloblastic crystals 
containing numerous inclusions, with the most c o m m o n mineral to occur as inclusions 
within pyrite euhedra being muscovite (Plate 52). Growth zoning is also commonly seen 
in many pyrite euhedra (Plate 53), with many euhedra having very small inclusions of 
other sulphides and rutile within them. 
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Within several fine grained samples, trains of fine-grained euhedral pyrite occur 
elongated parallel to the dominant S i foliation in preference to bedding -parallel laminae 
(Plate 54), suggesting preferential hydrothermal fluid migration along foliation planes, 
which in these instances, must already have formed prior to, or been forming during, 
pyrite nucleation. Pyrite euhedra often occur at the boundary between coarse and fine 
grained units, where they developed preferentially within the coarser unit (Plate 55), 
presumably as a result of increased permeability, and hence hydrothermal fluid flow 
within these units. 
Plate 50: A well-developed quartz-filled pressure shadow adjacent to a partially formed 
pyrite euhedra. To the left of this euhedra, significant carbonate has developed in 
approximately the same position as the pyrite would be if fully formed . Sample B D 4 E -
330.95 m . 50 X magnification. 
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Plate 51: Pyrite euhedra the comers of which extend into large quartz clas ts. Sample 
BD4017 - 129 m. 25X magnification. 
Plate 52: Numerous muscovite laths within a single pyrite euhedra. Sample CD4.3m N W . 
25X magnification. 
Plate 53: Irregular growth zoning developed within a pyrite euhedra. Massive pyrite 
occurs within the core, while more skeletal pyrite with numerous wallrock incl usions 
comprises the outer portions. Note also the growth of numerous 5-10 micron pyrite 
euhedra nucleating within a large quartz clast adjacent to the larger euhedra. Sample B D 4 
- 670.8 m. 50X magnification. 
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Plate 54: A cluster of small pyrite euhedra e longated parallel to S i. Sample B D 4 - 472.2 
m. 50X magnification. 
Plate 55: Concentration of pyrite euhedra, some with well -developed quartz-filled 
pressure shadows, within the basal portion of a siltstone bed where it overlies a 
carbonaceous shale bed. 
Pyrite also occurs as the most c o m m o n phase within numerous quartz porphyroblasts, 
where it is rarely euhedral and often contains inclusions of other sulphide phases 
including chalcopyrite, sphalerite, and arsenopyrite. The distribution of pyrite within 
wallrock sediments is strongly controlled by the presence of sulphide -bearing veins in 
that, where these veins occur, the pyrite content of wallrock adjacent to them increases 
substantially. Adjacent to pyritic bedding -parallel veins, pyritisation of the wallrock is 
very limited in extent. B y contrast, wallrock pyritisation is substantially more extensive 
adjacent to pyritic bedding -discordant veins. Wallrock pyritisation occurred both pre- to 
syn-Si and post-Sj. Pre- to syn-Si pyrite occurs within quartz porphyroblasts and as lesser 
clusters of framboidal pyrite, whereas post -Si euhedra clearly overprint and cross -cut the 
Sj foliation. The presence of well-developed quartz pressure shadows around many pyrite 
euhedra is indicative of formation during the la te stages of deformation, probably after the 
bulk of cleavage formation has taken place. 
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5.5 Rutile 
Rutile is a hydrothermal phase, the importance of which is unclear. Rutile is commonly 
associated with hydrothermal chlorite (P late 56), as well as occurring within and as a rim 
to numerous pre- to syn-Si quartz and carbonate porphyroblasts. Sample C D l m N W from 
Central Deborah, taken from adjacent to a major mineralised vein system, possesses 
pyrite euhedra with very narrow rutile rims (Plate 5). Again the significance of this is 
unclear. However, rutile certainly shows a predisposition for occurring in association with 
alteration features of some significance, particularly in samples near large, mineralised 
structures. Rutile is also seen to occur as a minor vein phase in some veins within the core 
ofthe Sheepshead anticline. 
Plate 56: Crystalline, hydrothermal rutile within wallrock sediments adjacent to a strongly 
sheared bedding parallel quartz -chlorite veinlet. Sample B W D - 710m. 5 0 X 
magnification. 
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Plate 57: Narrow rutile rim developed within a pressure shadow surrounding a large 
pyrite euhedra. Sample C D l m N W . 500X m agnification. 
5.6 Arsenopyrite 
Arsenopyrite was observed within several polished sections from samples within several 
metres of major mineralised structures on the Deborah and Sheepshead anticlines. The 
arsenopyrite laths are typically tabular in form, the ends of which narrow slightly. They 
range up to 1 c m across in section and commonly display well developed fractures. These 
fractures occur at right angles to the long axis of the laths and are commonly filled with 
quartz and carbonate (Plate 58 ). Unlike the fractures observed in drill core, no obvious 
rotation of individual segments of arsenopyrite along fractures was observed i n polished 
section. None of the arsenopyrite laths observed in reflected light appear to possess any 
obvious textural zoning, although there m a y exist some compositional zoning that is not 
visible. Large arsenopyrite laths are internally homogeneous, with only very minor 
inclusions. Mostly these inclusions consist of muscovite, with very minor rounded zircon 
and rutile inclusions also present. 
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Plate 58: Fracture within a large arsenopyrite lath filled largely with carbonate plus minor 
quartz. Sample C D 5 m N W Central Deborah. 100X magnification. 
Individual arsenopyrite laths commonly possess well -developed pressure shadows. These 
pressure shadows are best developed at the ends ofthe laths (along the long axis), but also 
occur along the sides of the laths. Pressure shadows are filled with quartz, with lesser 
carbonate, chlorite, and rutile (Plates 59 & 60). Quartz within these pressure shadows is 
invariably bladed, radiating out from the edge ofthe arsenopyrite. 
Plate 59: A well-developed pressure shad o w adjacent to a large arsenopyrite twin 
containing quartz and chlorite as the major phases, plus minor carbonate and rutile . 
Sample BD4007 - 300.5m. 2 5 X magnification. 
Arsenopyrite also occurs as a significant sulphide phase within numerous quartz 
porphyroblasts. Again, the distribution of arsenopyrite within these quartz porphyroblasts 
is concentrated in samples within several metres of large mineralised structures. Where 
arsenopyrite is seen within quartz porphyroblasts, there are often variations in reflectance 
of the sulphide, perhaps suggesting some variation in its composition. Arsenopyrite 
within quartz porphyroblasts is clearly pre - to syn-Si as the Si foliation wraps around the 
porphyroblasts (Plate 61), whereas textural relationships involving large arsenopyrite 
laths are suggestive of prolonged development. For example, in sample B D 4 - 662.7m, 
arsenopyrite laths can be seen to be pre - to syn-Si, with the Si foliation clearly wrapping 
around arsenopyrite and quartz-carbonate-filled pressure shadows (Plate 62). 
Arsenopyrite within sample B D 4 - 660.2m disrupts the S i foliation but also partially 
overprints it, suggesting a syn-Si timing for development . This also appears to be the 
case for arsenopyrite within sample C D O m N W from Central Deborah. E lsewhere, large 
arsenopyrite laths appear to largely overprint the S i fabric, suggesting formation after the 
main deformational event, whereas others display quartz -filled pressure shadows, 
indicating development before the cessation of deformation. 
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Plate 60: Rutile developed with quartz in the pressure shadow of a large arsenopyrite lath. 
Sample C D O m N W Central Deborah. 200X m agnification. 
Plate 61: A pre- to syn-S i quartz porphyroblast containing arsenopyrite and pyrite in both 
reflected (left) and transmitted (right). Note also the presence of post-Si carbonate 
enveloping the porphyrob last. Sample B D 4 - 668m. 200X magnification. 
Plate 62: Si foliation wrapping around a large arsenopyrite lath with well-developed 
quartz-carbonate-filled pressure shadow. Sample B D 4 - 662.7m. 2 5 X magnification. 
5.7 Chlorite 
Hydrothermal chlorite, as opposed to metamorphic chlorite, occurs in thin section as an 
obvious wallrock alteration phase in a limited number of samples. Chlorite occurs along 
with quartz within the pressure shadow of a large arsenopyrite lath from sample BD4007 
- 300.5m (Plate 59), as well as occurring as clots of vermicular chlorite within and 
adjacent to quartz-chlorite tension veins from the strongly deformed section within the 
Swan decline (Plate 63), and within bedding-parallel, quartz-chlorite-carbonate veins 
elsewhere (Plate 64). 
The presence of hydrothermal chlorite within the pressure shadow of a large arsenopyrite 
indicates that the development of hydrothermal chlorite must have been temporally and 
spatially associated with arsenopyrite development. This generation of chlorite is quite 
distinctive petrographically from metamorphic chlorite in that it displays a well -
developed fanned habit, with a distinctive purple -brown birefringence (Plate 59). 
Plate 63: Weakly chloritised wallrock clasts with vermicular vein chlorite and quartz in a 
bedding-parallel vein. Sample B W D - 710m Swan Decline. 25X Magnification. 
Plate 64: Minor hydrothermal chlorite developed along the m a rgin of a 2cm thick 
bedding-parallel quartz-carbonate-pyrite vein, adjacent to the Sheepshead anticline. 
Sample BD4009 - 74.5m. 25X Magnification. 
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Wallrock chloritisation adjacent to bedding-parallel quartz-carbonate-pyrite veins and 
bedding-discordant quartz-chlorite tension veins, is intimately associated with the 
presence of vermicular vein chlorite. Although vein chlorite m a y form quite significant 
clots up to several centimetres in width, wall rock chloritisation is quite restricted in 
extent, occurring only within 1 c m or so of vein margins as isolated clots of vermicular 
chlorite, as well as within wallrock rafts within these veins (Plate 65). 
Plate 65: Inky blue birefringence of clots of vermicular chlorite within wallrock 
sediments adjacent to a bedding-parallel quartz-chlorite-pyrite vein. Note the weakly 
chloritised wallrock rafts within a large zone of vermicular chlorite. Sample B W D -
7 1 0 m Swan Decline. 2 5 X magnification. 
The introduction of hydrothermal chlorite to wallrocks adjacent to, and within bedding-
parallel veins, as well as tension veins associated with zones of significant vertical 
displacement along bedding-parallel slip planes, suggests introduction early during 
deformation, prior to fold lock up. Hydrothermal chlorite that occ urs within the pressure 
shadow of arsenopyrite was clearly formed later during deformation, largely post -Si 
formation. Samples from sandstone adjacent to large mineralised structures displaying a 
vague greenish colouration did not reveal any hydrothermal c hlorite in section, perhaps 
suggesting that this colouration m a y in fact be due to desilicification increasing the 
proportions of all micaceous phases, as suggested previously. Samples displaying this 
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colouration do appear to possess particularly well dev eloped zones of quartz clast 
dislocation, almost like foliation planes marked by the presence of micas where quartz 
clasts are abruptly truncated. Whether this is an alteration feature or simply an 
exaggerated expression of the S i foliation where it is developed most intensely within the 
cores of anticlines, remains to be seen. 
5.8 Quartz porphyroblasts 
The occurrence of quartz porphyroblasts within many of the observed thin sections is 
certainly interesting, particularly with respect to their range of i ncluded alteration phases, 
timing, and distribution with respect to mineralised structures. Quartz porphyroblasts are 
typically quite small, however several larger examples up to 2 m m in length were 
observed. Generally, quartz porphyroblasts are elongated slightly parallel to the Si 
foliation, giving a somewhat oval shape to the bulk of porphyroblasts. These 
porphyroblasts are dominated by the presence of quartz, with lesser carbonate, and pyrite, 
accompanied by chalcopyrite, sphalerite, arsenopyrite, rutil e, galena, as well as other 
minor, unidentified sulphide phases. The most c o m m o n form these quartz porphyroblasts 
take is of a core containing one or more sulphide phases including pyrite and any of a host 
of other sulphide minerals, enclosed within a narr o w crystalline carbonate envelope (Plate 
66). These carbonate-enshrouded sulphides occur within an elongated quartz zone making 
up the bulk of the porphyroblast, whereas rutile commonly occurs scattered around the 
rim of the quartz (Plate 67). In many case s carbonate porphyroblasts encircle or occur 
adjacent to these quartz porphyroblasts (Plate 68). 
The sulphide content of quartz porphyroblasts varies according to the proximity to major 
mineralised structures. A s mentioned previously, the presence of arse nopyrite within 
quartz porphyroblasts is indicative ofthe sample being from within twenty metres or so of 
mineralisation (Table 3), whereas chalcopyrite also appears to be concentrated in 
porphyroblasts within about 30 metres of mineralisation. Rutile sho w s a tendency to be 
more consistent in its occurrence closer to mineralisation also, whereas pyrite occurs 
within all observed quartz porphyroblasts. 
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Plate 66: A n elongate quartz porphyroblast containing pyrite, chalcopyrite, arsenopyrite, 
and rutile, all of which occur within narrow carbonate envelopes within the quartz 
porphyroblasts. Sample C D 2 m N W Central Deborah. 100X Magnification. 
Plate 67: Rutile with minor arsenopyrite forming the rim to a large quartz porphyrobl ast. 
Sample B D 4 - 662.7m. 100X magnification. 
Plate 68: A sulphide-bearing quartz porphyroblast incased within a post deformational 
carbonate porphyroblast. Note the crystalline nature ofthe carbonate within the quartz 
porphyroblast. Sample C D 7 . 5 m N W Central Deborah. 
Table 3: The sulphide components of quartz porphyroblasts with respective distances 
from mineralised structures indicated. 
Sample 
BD4 - 662.7m 
BD4 - 668m 
CD2mNW 
CD3mNW 
CD7.5mNW 
CD11.7mNW 
BD4 - 656.6m 
BD4- 651.8m 
BD4 - 679m 
BD4-681.75m 
BD4017W3-470m 
BD4 - 638.6m 
BD4009 - 85.4m 
BD4-617.2m 
BD4 - 594.4m 
BWD - 723.8m 
BWD - 728.6m 
SddOOl - 156.1m 
BD4-472.2m 
Distance to 
Mineralisation 
Om 
1.9m 
2 
3 
4 
0.5 
6.5m 
10.9 
12.9 
15.65 
20m 
24.1 
?+30 
45.5 
68.3 
100 
100 
100 
190.5 
Pyrite 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
Chalcopyrite 
X 
X 
X 
X 
X 
X 
X 
X 
X 
Rutile 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
Arsenopyrite 
X 
X 
X 
X 
X 
X 
X 
X 
X 
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Quartz porphyroblasts are invariably pre - to syn-deformational, with the well-developed 
Si cleavage wrapping around porphyroblasts, and hence post-dating porphyroblast 
formation. One sample in particular (BD4009 - 85.4 metres) has numerous well-
developed sulphidic quartz porphyroblasts. Within this sample, pyrite - and chalcopyrite-
bearing quartz porphyroblasts occur in trains along bedding (Plate 69), whereas individual 
porphyroblasts are elongated parallel to S i, at a high angle to bedding. This sample is also 
unique in that it possesses several of the largest quartz porphyroblasts seen in any 
samples, along with large sedimentary carbonate nodules. Within a 1cm radius of the 
margin ofthe large carbonate nodules, quartz porphyroblasts are larger and better formed 
than anywhere else in the samples observed (Plate 70). This zone is also marked by a 
reduction in mica content. Th e distribution of this zone suggests that it is in fact an 
alteration feature rather than simply a lithological change. The outermost boundary of this 
mica-poor quartz-porphyroblast-rich zone is slightly bedding-discordant, but remains 
equidistant from the margin of the large carbonate nodule. Several smaller sulphidic 
quartz porphyroblasts also occur within the carbonate nodules. 
Plate 69: A series of pyrite-chalcopyrite bearing quartz porphyroblasts developed along 
bedding, but elongated parallel to S ,. Sample BD4009 - 85.4 m . 2 5 X magnification. 
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Plate 70: T w o large sulphidic quartz porphyroblasts developed at the outer margin of a 
mica-poor zone adjacent to a large carbonate nodule. The main sulphide phase shown is 
pyrite, with lesser chalcopyrite. Sample BD4009 - 85.4 m. 50X magnification. 
Quartz porphyroblasts throughout the samples observed are clearly an alteration feature 
formed prior to the main cleavage forming episode within the Bendigo region. The fact 
that their internal composition is controlled largely by their proximity to large mineralised 
structures, along with their widespread distribution, clearly suggests significant 
hydrothermal and, possibly, auriferous fluid flow prior to the main cleavage -forming 
episode. The distribution of these porphyroblasts within sample BD4009 - 85.4 metres, is 
suggestive of significant lithological control on their location, with several trains of these 
features occurring parallel to bedding. The significant enlargement of quartz 
porphyroblasts adjacent to a large sedimentary carbonate nodule indicates that the 
interaction of hydrothermal fluids with sedimentary carbonate m a y facilitate the growth 
of these features at the expense of surrounding mica phases. 
5.9 Timing relationships 
Understanding the timing relationships of various wallrock alteration phases is important 
not only in characterising wall rock alteration, but also in characterising any changes in 
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the nature of hydrothermal fluids, as such changes may prove important in triggering the 
precipitation of gold. The timing of wallrock alteration features as interpreted from thin 
sections studied in both transmitted and reflected light suggest a range of both pre - to syn-
and post-cleavage alteration features, as follows: 
Pre-Si alteration features 
• Sulphide-carbonate-bearing quartz porphyroblasts 
Pre- to syn-Si alteration features 
• Chloritisation adjacent to, and associated with zones of 
bedding-parallel slip 
• Sulphide-bearing carbonate porphyroblasts 
• Pyrite euhedra 
• Arsenopyrite laths with associated quartz/ carbonate/ 
chlorite filled pressure shadows, or with the Si foliation 
wrapping around them 
Post-Si features 
• Most prevalent generation of carbonate 
porphyroblasts 
• Intense carbonatisation of the matrix of sandstones 
• Pyrite euhedra 
• Arsenopyrite laths cross-cutting Si 
Identified timing relationships ofthe various alteration phases are suggestive of protracted 
hydrothermal alteration centered around anticlinal fold hinge zones, possibly initiated by 
early fluid flow associated with zones of bedding-parallel slip, beginning prior to 
cleavage development, and continuing post cleavage formation. The most intense and 
extensive wallrock alteration features, including carbonate porphyroblast development 
and widespread wallrock sulphidation, deve loped partially coincident with, and outlasted, 
cleavage formation. 
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Chapter 6: Scanning Electron Microscopy (SEM) 
6.1 Introduction and methodology 
Scanning electron microscopy was undertaken in order to further investigate the nature 
and composition of alteration features identified during petrographic investigations. 
Alteration features of particular interest targeted for S E M analysis include the range of 
carbonate porphyroblasts, both pre- to syn- and post-Si, carbonate vein minerals, 
alteration sulphide phases, alteration phases within quartz porphyroblasts, and possib le 
sedimentary carbonate beds and nodules. S E M analysis of these features will allow a 
more detailed understanding ofthe formation of these features by allowing observation of 
changes in mineral chemistry. Gaining insights into the development of, and var iations 
within, alteration phases will allow constraints to be placed the nature ofthe hydrothermal 
fluids responsible for precipitating the alteration phases. 
Samples analysed were first polished, washed thoroughly in detergent and alcohol, and 
then carbon coated, prior to being loaded into the S E M . Imaging of various mineral 
phases was done on a JEOL J S M 6300 S E M with an Energy Dispersive System (EDS) at 
the University of Ballarat. The software program ISIS was used to control and monitor 
the function ofthe S E M , as well as being used to control and manipulate X -ray analyses 
of mineral phases. This program was also used to acquire backscattered images 
(Autobeam), and images of elemental concentration (Speedmap). 
6.2 Analysis of carbonate phases 
A range of carbonate features, both sedimentary and hydrothermal in origin have been 
analysed using SEM., including both zoned and unzoned carbonate porphyroblasts (pre -
to syn- and post-Sj), vein carbonate, carbonate within quartz porphyroblasts, as well as 
cone-in-cone carbonate beds and sedimentary carbonate nodules. Analysis of cone -in-
cone carbonate reveals an essentially consistent ankeritic composition, with the basal, 
more crystalline portion of the bed possessing around 5 % more F e O than the bulk of the 
bed (Plate 71). 
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Plate 71: Backscattered image ofthe base of a cone -in-cone carbonate bed. Note small 
scale variation in the Fe and M g content ofthe main portion ofthe sample represented by 
irregular light and dark zones. The crystalline base ofthe bed is lighter still due to 
slightly higher Fe content. Sample BD4015 -173.1m. 
Zones of sedimentary carbonate development within the matrix of samples from diamond 
drill hole SddOOl likewise prove to be ankeritic in composition (Figure 33). Carbonate 
within these samples constitutes the entirety of the matrix of the samples and is highly 
crystalline in nature. Several carbonate nodules observed in sample BD4009 -85.4m show 
two different compositions, these being ankerite and siderite (Figure 33). Several sma 11 
carbonate nodules, around 2 m m in diameter, are ankeritic in composition, as is the core 
to the large 2 centimetre diameter zoned nodule. A n intermediate sized nodule is sideritic 
in composition as are the mantle and rim to the larger nodule. 
The shift from ankeritic to sideritic composition within these sedimentary carbonate 
features most likely reflects the effect of post -depositional hydrothermal alteration ofthe 
sedimentary carbonate. The fact that the core of the larger of the nodules has remained 
enriched in Ca and M g suggests that the hydrothermal fluids may not have penetrated far 
enough inside the nodule to affect this zone. Elevated M n levels tend to occur within 
carbonates of clear sedimentary origin, and as such it is interesting to note tha t all 
carbonates analysed from within sample BD4009 -85.4 m display elevated M n O levels. 
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This is particularly true of sideritic carbonate comprising the outer portion of the larger 
nodule and the entire intermediate sized nodule. Analyses of these areas rev eal M n O 
levels between 7 and 8.56%, perhaps suggesting remobilisation and enrichment of M n 
during the alteration of these zones from ankerite to siderite. 
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Figure 33: Triangular Plot of Fe-Mg-Ca, with sedimentary carbonate features plotted. Sd 
= matrix carbonate from SddOl -156.1 m. C = carbonate nodule cores. M = mantle of large 
carbonate nodule. R = rim of large carbonate nodule. CiC = cone -in-cone carbonate bed. 
Carbonate within quartz porphyroblasts occurs as narrow rims around included sulphide 
phases (Plate 72). This generation of carbonate represents a very early alteration phase 
within pre- to syn-S i porphyroblasts. All except one ofthe carbonates from within quartz 
porphyroblasts possess over 8 0 % FeO, making them all magnesian side rite (Figure 39). 
There does not appear to be any trend in the analytical data with respect to distance from 
mineralisation. The only trend being that all samples are FeO -rich and CaO-poor. 
Analysis of two carbonate phases within one quartz porphyroblast from sample BD4-668 
reveals two distinct phases, one being pure siderite with only 0.6% M g O and 9 9 % FeO, 
whereas the other is a magnesium -rich siderite with 23.9% M g O . 
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Plate 72: Narrow carbonate rim surrounding pyrite within a small quartz porphyrobla st. 
This carbonate is magnesian siderite. Sample BD4-651.8 m. 
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Figure 34: Triangular plot of analyses from carbonates within quartz porphyroblasts. 
S E M analysis of carbonate porphyroblasts has revealed a range of interesting features, 
including well defined compositional zoning, pre - to syn-S i porphyroblast cores, as well 
as the presence of distinct compositional trends developed with time. The cores of zoned 
carbonate porphyroblasts tend to be less poikiloblastic than their respective ou ter zones, 
possibly suggesting a significantly different timing for the development of the cores. 
Typically, these cores also display a weak, bedding -parallel fabric internally that is not 
present in the outer zones, as well as having the S i-parallel micas wrapping around them 
suggesting a pre- to syn-S i timing (Plate 73). There is a distinct lack of micas elongated 
parallel to the S i foliation within the cores of these porphyroblasts. 
Plate 73: Backscattered image of a 2 -stage carbonate porphyroblast wi th the S i foliation 
clearly wrapping around the core ofthe porphyroblast, whereas the rim appears to post -
date the foliation. Sample B D 4 -651.8 m . 
The cores of these zoned porphyroblasts are, with the exception of one, ankeritic in 
composition, plotting very close to the sedimentary carbonates (Figure 35). The single 
porphyroblast core of magnesian siderite composition m a y have been hydrothermally 
altered resulting in a substantial loss of Ca and a significant gain of Fe. The ankeritic 
porphyroblast cores plot in a tight cluster as a result of a very little compositional 
variation. This is suggestive of a chemically isotropic hydrothermal fluid from which this 
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part of the porphyroblast was precipitated or, alternatively, close temporal relationship 
between the development of these porphyroblast cores within different samples. Relative 
to the bulk of sedimentary carbonate samples, the cores of these zoned porphyroblasts are 
slightly depleted with respect to Ca. 
Figure 35: Triangular Fe-Mg-Ca plot for the cores of zoned porphyroblasts. 
The mantles of 3-stage carbonate porphyroblasts are significantly different 
compositionally to the carbonate cores of the same porphyroblasts. Analysis of these 
mantle zones shows them all to be composed of low-Ca, high-Fe magnesian siderite 
(Figure 36). These mantle zones, along with the rims of these porphyroblasts, are 
typically more poikiloblastic than the cores and in most cases clearly overprint and, 
hence, post-date the S. foliation (Plate 74). FeO comprises between 7 2 % and 9 0 % of 
these regions, whereas M g O comprises the remaining 10 -28%). The rims of zoned 
carbonate porphyroblasts clearly post-date the S_ foliation and are quite poikiloblastic. 
These rims are, as a whole, more Mg-rich than the mantles of the porphyroblasts (Figure 
37). This trend is seen within each zoned porphyroblast analysed, with the average 
difference in FeO and M g O composition between the mantle and rim zones being around 
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11%., with mantles averaging 80.8% FeO and 17.8% M g O , whereas rims average 70.5% 
FeO and 29.8% M g O . 
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Figure 36: Triangular plot of analyses from mantles of zoned carbonate porphyroblasts. 
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Figure 37: Triangular plot of analyses from the rims of zoned carbonate porphyroblasts. 
Plate 74: Series of Speedmap images representing the distribution of a range of elements 
within a single zoned carbonate porphyroblast. Note the Ca -rich nature ofthe core 
compared with the mantle and rim. Note also the lack of significant mica phases within 
the porphyroblast (Al). Note also the lack of Si and Al within the core ofthe 
porphyroblast, along with the elevated M n levels relative to the mantle and rim portions. 
Single phase post-Si carbonate porphyroblasts are compositionally almost identical to the 
rims of zoned porphyroblasts, with FeO, M g O , C a O and M n O values showing less than 
one percent variation from those within zoned porphyroblasts rims. This suggests a 
temporal relationship between the latter phase of zoned porphyroblast growth and the 
growth of unzoned post-Si porphyroblasts, which are by far the most numerous of the 
carbonate porphyroblast types. This carbonate type is also seen to occur replacing large 
detrital micas in several samples. 
SEM analysis of carbonate porphyroblasts reveals an evolutionary trend from Ca- and 
Mn-rich ankerite, developed prior to the formation of the S , foliation, towards the 
precipitation of siderite and magnesian siderite evolving to become more magnesium -rich 
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with time. This evolution signifies a similar evolutionary change in the nature of 
hydrothermal fluids. This initial change in the nature of carbonate precipitated, from 
ankerite to siderite, m a y represent two separate hydrothermal events. The fact that the 
ankeritic phase is largely pre- to syn-S_, whereas the sideritic phase post-dates the Si 
foliation, suggests the possibility of significant differences in the nature of hydrothermal 
fluids from which the respective carbonate phases were derived. The presence of well -
developed zoned carbonate porphyrob lasts is restricted to samples within around 20 m of 
mineralisation, perhaps suggesting that it is these areas, close to major fluid conduits , that 
have been exposed to the full spectrum of hydrothermal fluids. 
Carbonate phases from within carbonate, and quartz-carbonate veins have revealed two 
distinct compositional types. Vein carbonate of ankeritic composition occurs within pre -
to syn-S i carbonate veins (Plate 75) as rather micritic-looking narrow veinlets offset by 
the Si foliation, and within quartz-carbonate veins (Plate 76) in a more crystalline form, 
commonly accompanying siderite. Ankerite is seen to occur as the main crystalline vein 
mineral within one sample, with siderite occurring as narrow vein selvages, indicating 
that siderite and ankerite development overlapped. This co -existence of different phases 
within single veins appears to be particularly prevalent adjacent to fluid conduits in the 
cores ofthe Sheepshead and Deborah anticlines. 
Ankerite is seen to occur within several veins adjace nt to mineralisation in which it is not 
possible to determine the timing relationships between vein and cleavage formation. In 
most cases, however, it seems that vein formation pre -dated the cessation of cleavage 
formation. Compositionally, vein ankerite i s very similar to both sedimentary carbonate 
and the cores of carbonate porphyroblasts (Figure 38). The average composition of this 
carbonate is FeO-23%, MgO-22.5%, CaO-52.1% and MnO-2.3%. 
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Plate 75: Backscattered image of a pre - to syn-S i narrow carbonate veinlet offset by S i 
cleavage planes. Sample B D 4 0 1 7 W 3 -470 m. Note also the sinistral offset ofthe vein 
segments, due probably to bedding plane slip and shear within adjacent beds. 
;cfc. g f j Ij-jlTli 
'• •'• -'
,
'
!
-
>AjaC-* 
y f 
Plate 76: Backscattered image of both crystalline ankerite and less crystalline siderite 
within a quartz-carbonate vein adjacent to m ineralisation on the Sheepshead anticline. 
Ankerite is by far dominant over siderite in this case, with siderite pre -dating ankerite. 
Sample BD4-662.7 m. 
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Figure 38: Triangular plots showing the composition of carbonate in veins post -dating Si 
(top) and carbonate in veins pre-dating Si. 
Sideritic vein carbonate is more prevalent within samples adjacent to mineralisation. This 
carbonate type possesses qui te high levels of M g O . The average composition of this type 
of vein carbonate being FeO-65.9%, MgO-32.3%, CaO-1.4%, and MnO-0.4%, placing 
them around the upper limit of M g O content of carbonate porphyroblast rims. This 
generation of vein carbonate occurs both as vein selvages, as seen in Plate 76, and as the 
main crystalline carbonate phase accompanying lesser ankerite. Veins containing 
significant amounts of magnesian siderite appear to largely post -date the Si foliation, 
although in many cases this is unclear due to poorly developed cleavages, and less than 
obvious vein-cleavage relationships. Where these magnesian siderite -bearing veins do 
appear to post-date cleavage formation, it seems that the accompanying ankerite likewise 
post-dates cleavage formation, as well as appearing to occupy more central portions of 
veins, suggesting it m a y well have in these instances post -dated siderite development. 
SEM analysis of carbonate phases intimately associated with sulphides has revealed two 
distinct carbonate types. Although carbonates associated with sulphides overall reveal a 
range of compositions from almost pure siderite to high -magnesian siderite, it is clear that 
carbonates adjacent to, within pressure shadows around, and fractures within large 
arsenopyrite laths, are more Mg-rich than those associated with other sulphide phases. 
The average composition of carbonate in timately associated with large arsenopyrite laths 
and twins is FeO-65.7%, MgO-32.7%, CaO-0.6%, and MnO-1.0%, whereas the average 
composition of carbonates intimately associated with pyrite, sphalerite and chalcopyrite 
within wallrock sediments is FeO -85.7%, MgO-11.4%, CaO-0.8%, M n O - 2 . 2 % (Figure 
39). 
This distinct compositional difference between carbonates that were precipitated 
immediately after sulphide generation is suggestive of either a significant temporal 
difference between their development or a substantial change in hydrothermal fluid 
chemistry between the development of the different sulphide -associated carbonate 
generations. Significant compositional zoning of carbonate within the pressure shadow of 
a large arsenopyrite lath was also seen (Plate 77). From core to rim, the carbonate varies 
from very high magnesium siderite (FeO -56.8%, MgO-42.7%, CaO-0.1%, MnO-0.5%) to 
siderite of somewhat lower M g O content (around 3 3 % ) . Again, compositional zoning of 
carbonates is best developed within samples adjacent to mineralisation, as noted 
previously. 
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Figure 39: Triangular plot representing the compositions of carbonates associa ted with 
both arsenopyrite and other sulphide phases. 
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Plate 77: Backscattered image depicting compositional zoning of carbonate within the 
pressure shadow of a large arsenopyrite lath. Sample B D 4 -662.7 m-a. The Si foliation 
wraps around both the arsenop yrite lath and its pressure shadow in this sample. 
6.3 S o m e identified trends and timing relationships 
Some clear trends have emerged as a result of SEM analysis of carbonates within altered 
wallrock and vein samples from the Deborah and Sheepshead lines , including the 
evolution of hydrothermal carbonates from ankerite, through siderite, to high -magnesian 
siderite with time, and the presence of an early generation of hydrothermal vein and 
alteration carbonate that is chemically unique from the bulk of lat er hydrothermal 
carbonate. Evolution of wallrock carbonate phases associated with a range of wallrock 
suphides suggest the development of large arsenopyrite laths and twins quite late in the 
paragenesis of alteration minerals. The following interpretation of the paragenesis of 
hydrothermal carbonates phases has been made on the basis of microstructural and S E M 
compositional data. 
Calcium-rich sedimentary carbonate beds and zones rich in sedimentary carbonate are 
obviously the earliest form of carbonate to have been generated within the wallrock ofthe 
Bendigo goldfield, followed by a range of pre -cleavage carbonate features including a 
series of pre- to syn-Si ankeritic veins, as well as the Ca- and Mn-rich cores of zoned 
carbonate porphyroblasts, and carb onate within sulphidic quartz porphyroblasts. The 
development of the ankeritic cores of zoned porphyroblasts probably represents wallrock 
alteration associated with the development of the early ankeritic carbonate, and quartz -
carbonate veinlets. 
The presence of high-iron siderite associated with various sulphide phases within the 
cores of quartz porphyroblasts represent a significant change carbonate chemistry and, 
hence, in the chemistry of hydrothermal fluids. The development of this siderite is 
intimately associated with the introduction of a range of sulphide phases, and m a y 
represent the introduction of a separate new phase of hydrothermal fluid. The trend of 
porphyroblast growth to become more magnesium -rich with time must likewise reflect a 
similar evolution in the chemistry of hydrothermal fluids. Numerous unzoned carbonate 
porphyroblasts, particularly adjacent to mineralised structures on the Sheepshead and 
Deborah anticlines are also composed of magnesian siderite, reflecting a preference for 
the development of sideritic carbonate adjacent to major hydrothermal fluid pathways. 
The association between carbonate phases and wallrock sulphides is also interesting in 
that the carbonates seen reflect a range of composition from pure siderite to high -
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magnesian siderite. A s pointed out previously, this trend, if related to the evolution of 
hydrothermal carbonate, suggests a fairly late timing for the development of crystalline 
wallrock arsenopyrite. The presence of vein ankerite of unclear timing leaves some what 
unclear the extent to which post-Si hydrothermal ankerite is developed, and its 
significance. 
Carbonates analysed fall into 1 or more of 3 categories; depositional carbonate, carbonate 
developed pre- to syn-Si, and carbonate developed post-Si formation (Table 4). The 
development of pre- to syn-Si carbonate alteration features m a y indeed reflect, to a 
degree, remobilisation of significant volumes of sedimentary carbonate at similar 
structural levels or remobilisation of unknown quantities of sedimenta ry carbonate at 
depth. This is reflected by the similar composition of early -hydrothermal and 
depositional carbonates. 
The manganese content of different types of carbonates also gives us an insight into the 
differences and possible origins of these carb onates. The average M n O content of 
sedimentary carbonate is 4.0%, whereas pre- to syn-Si ankeritic porphyroblast cores 
average 4.3% and distinct pre - to syn-S i veins average 2.3% M n O . Carbonate within pre -
to syn-Sj quartz porphyroblasts average 2.3% also , suggesting some possible input from 
earlier fluids, whereas the average M n O content of all clearly post -Si carbonate is 0.6% 
(except carbonate developed adjacent to sedimentary nodules and beds, whose M n O 
content is higher (averaging around 2 % ) . These ob servations indicate a clear change in 
hydrothermal fluid chemistry represented by distinct compositional changes in carbonates 
developed pre- to syn-Si, and those that clearly post-date Si. 
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Table 4: Relative timing of the 3 carbonate types identified fr o m S E M analyses. 
Carbonate type 
Sedimentary 
Ankeritic vein 
Ankerite porphyroblast cores 
Siderite within quartz 
porphyroblasts 
Mantles of zoned 
porphyroblasts 
Rims of zoned porphyroblasts 
Single phase unzoned 
porphyroblasts 
Siderite associated with 
wallrock sulphides 
Mg-siderite associated with 
arsenopyrite 
Sediment Pre-Si Si formation Post-Si 
6.4 S E M analysis of sulphide phases 
The main intention behind the SEM analysis of hydrothermal wallrock sulph ide phases 
from altered samples within the Bendigo goldfield was to characterise the different 
sulphide phases that occur throughout the samples. It w a s also intended to establish 
whether any trends exist with respect to the occurrence of particular sulphi de assemblages 
that may be indicative of different styles of alteration, or which m a y directly reflect 
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intensity of alteration, and hence proximity to major auriferous structures. Wallrock 
sulphide phases identified from the samples analysed include pyrite , chalcopyrite, 
sphalerite, and a range of arsenic -bearing sulphide minerals. 
Analysis of pyrite has revealed some variation in the composition of pyrite of different 
generations. Euhedral wallrock pyrite within 10 m of major mineralised structures 
possess traces amounts of A s and, in one case, Ni. Pyrite analysed from sample SddOOl -
156.1 contains low levels of Pb, Zn, Cu, and As in several samples (Table 5). Isolated 
pyrite euhedra do not display compositional zoning, although in several euhedra adjacent 
to mineralisation, small sphalerite and chalcopyrite inclusions were observed. There does 
not appear to be any trend in the compositional variation in pyrite with respect to distance 
from mineralisation. 
A range of sulphide phases have been identified fr om within pre- to syn-S i quartz 
porphyroblasts, including pyrite, chalcopyrite, sphalerite, arsenopyrite, as well as Ni - and 
Co-bearing sulphide minerals such as ullmanite (NiSbS). Pyrite within quartz 
porphyroblasts is commonly more variable in compositio n than post-Si wallrock pyrite. 
Pyrite within a quartz porphyroblast from sample BD4-651.8m contains 1.6% Cu, 
whereas pyrite within a quartz porphyroblast from sample SDD001 -156.1 m possesses 
0.21% Ni and 0.47% Co. Pyrite within one quartz porphyroblast al so possesses 0.7% Ni. 
Pyrite within quartz porphyroblasts also commonly contains chalcopyrite blebs as well as 
chalcopyrite in larger zones (Plate 78 ). 
Table 5: Elemental composition of several arsenic -nickel-cobalt bearing sulphides within 
pre- to syn-Si quartz porphyroblasts. 
Sample 
SDD01-
156.1 
BD4-662.7 
BD4-668 
BD4-668 
BD4-520 
Distance to 
mineralisation 
40m 
Om 
1.9m 
1.9m 
142.7m 
Description 
light coloured pyrite in qtz-
porphyroblast 
Arsenopyrite within qtz-
porphyroblast 
Ni As Co Fe sulphide in qtz-
porphyroblast 
Sulphide in top left of qtz-
porphyroblast 
CoAsNi sulphide in qtz-
porphyroblast 
Atomic 
% 
S% 
46.0 
31.5 
31.3 
44.3 
33.0 
Atomic 
% 
As% 
0 
36.0 
36.1 
8.5 
34.0 
Atomic 
% 
Ni 
29.6 
2.4 
11.9 
46.8 
2.3 
Atomic 
% 
Co 
0.22 
1.7 
12.1 
0 
28.7 
Atomic 
% 
Fe 
24.4 
28.2 
8.6 
0.3 
2.5 
Total 
100 
100 
100 
100 
100.4 
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Plate 78: Backscattered image along with images ofthe concentration of a range of 
elements from pyrite and chalcopyrite within a pre - to syn-Si quartz porphyroblast. 
Sphalerite is also present within this quartz porphyroblast. 
Sphalerite tends to occur as a minor phase within quartz porphyroblasts, even though it is 
common in samples close to major fluid conduits in the hinges of major anticlines. 
Elsewhere, sphalerite occurs as the lone sulp hide phase within quartz porphyroblasts (as 
seen in sample SddOOl -156.1 m ) . Sphalerite within quartz porphyroblasts is of a very low 
iron variety, with an average of 1.15% Fe. Sphalerite within one quartz porphyroblast 
possesses trace A s and Cu (0.18% and 0.34%, respectively). Sample C D A - 0 m N W from 
central Deborah possesses minor sphalerite developed as a matrix sulphide phase. This 
matrix sphalerite is slightly richer in Fe than sphalerite within quartz porphyroblasts, 
having 1.68% Fe. 
A range of somewhat exotic arsenic-nickel-cobalt-iron sulphide minerals are common 
within quartz porphyroblasts and, while not evident from S E M analyses, these sulphides 
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are concentrated in quartz porphyroblasts from samples within twenty metres or so of 
major fluid conduits within the cores of anticlines. That is, that they are rare in samples 
further form mineralisation, even though two samples further from mineralisation do 
contain these sulphides. 
From the data in Table 5 it can be seen that the presence of As is the c ommon thread 
through these minerals, with Ni being a significant component along with Co. Rutile is 
again a c o m m o n accompaniment to these arsenic -, nickel-, and cobalt-bearing sulphides, 
where it occurs as blebs developed at the rims of porphyroblasts. 
A number of similarly interesting sulphide phases were also found to occur within 
narrow, pre- to syn-S i quartz veinlets. A m o n g these sulphides were pyrite and 
chalcopyrite and lesser As-Ni-Co-Fe sulphides. The carbonate surrounding sulphides 
within this veinlet is sideropleisite containing 9 % M g O , in agreement with the pre - to 
syn-S i timing suggested by the folded nature of the veinlet. Pyrite within this veinlet 
contains significant trace nickel, consistent with the presence of other nickeliferous 
sulphide phases within this same veinlet. Arsenic-cobalt-sulphide minerals within the 
veinlet possesses only minor Ni and Fe, although a nickel -antimony sulphide mineral also 
exists that possesses minor As, C o and Fe (Table 6). These Ni -As -Co sulphides comprise 
only a very small portion of the total volume of the vein, which is composed of 9 0 % 
quartz, 9 % carbonate and around 0.9% pyrite (Plate 79). 
Table 6: Elemental composition of some ofthe more interesting sulphide minerals within 
samples from Bendigo. 
Sample 
BD4-
651.8 
BD4-
651.8 
BD4-
651.8 
BD4-
651.8 
BD4-
651.8 
Distance to 
mineralisati 
on 
10.9 
10.9 
10.9 
10.9 
10.9 
Description 
CoAsNi sulphide in quartz 
veinlet 
Pyrite in q-c vein 
Co+Ni-bearing Aspy in vein 
Ni Sb bearing sulphide! 
rimming py 
Pyrite in vein adj to Ni Sb 
above 
Atomic 
% 
S% 
29.1 
59.9 
29.8 
31.9 
66 
Atomic 
% 
A s % 
29.6 
-0.04 
32.4 
3.6 
0 
Atomic 
% 
Ni 
2.0 
0.24 
6.01 
32.4 
0.1 
Atomic 
% 
Sb 
D.O 
0 
0 
31.2 
0 
Atomic 
% 
Co 
25.1 
0 
19.2 
0.1 
0 
Atomic 
% 
Fe 
3.4 
31.2 
6.3 
0.5 
34.1 
Total 
89.4 
91.1 
93.7 
99.7 
100.2 
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Plate 79: Portion of a sulphidic quartz-carbonate veinlet, with pyrite, chalcopyrite, along 
with As-Ni-Co sulphides. Sample BD4-651.8m j. 
SEM analysis of large post-Si arsenopyrite laths reveals that they are of a more 
recognisable composition, with only one of thes e possessing very minor nickel, and 
antimony. These large laths do not possess any recognisable compositional zoning, and 
do not possess inclusions of other sulphide phases. However, they do possess a small 
number of detrital muscovite flakes that typicall y occur roughly aligned parallel to the S i 
foliation. The occurrence of a variety of Ni -As-Co-Sb sulphides within both pre- to syn-
Si quartz porphyroblasts and quartz-carbonate veinlets indicates they formed during the 
introduction of an early phase of hyd rothermal fluids that were also responsible for the 
precipitation of siderite and low-Mg sideropleisite. Wallrock sulphide phases developed 
after this initial pre- to syn-Si formation stage typically lack any significant compositional 
variation and consist largely of unzoned euhedral pyrite, and large well formed 
arsenopyrite laths. As stated previously, many pyrite euhedra and the bulk of arsenopyrite 
laths possess pressure shadows in-filled with quartz+carbonate indicating formation late 
during deformation after the bulk of cleavage formation had taken place. A s with the 
evolution of carbonate phases, there is a distinct change in the character of sulphide 
phases and, hence, the nature of the hydrothermal fluid from which they were derived 
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following the cessation of the bulk of cleavage formation. A n interpretation of the 
paragenesis of wallrock alteration carbonates and sulphides is summarised in Table 7. 
Table 7: A n interpretation ofthe paragenesis of alteration carbonates and sulphides based 
on petrography and S E M analyses. 
Mineral type Sediment Pre-Si Si formation Post-Si 
Sedimentary carbonate 
Ankeritic vein 
Ankerite porphyroblast 
cores 
Siderite within quartz 
porphyroblasts 
As-Ni-Co-Sb sulphides 
Sideroplesite mantles of 
zoned porphyroblasts 
Sideropleisite rims of zoned 
porphyroblasts 
Single phase unzoned 
porphyroblasts 
Euhedral pyrite 
Sideropleisite associated 
with wallrock sulphides 
Sideropleisite associated 
with arsenopyrite 
Large arsenopyrite laths 
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Chapter 7: Quantitative X-Ray Diffraction 
7.1 Introduction and Methodology 
Quantitative x-ray diffraction (XRD) analysis was performed on all samples taken from 
drill core and surface exposure in the Bendigo area. This was undertaken in order to 
establish the occurrence and proportion of all identifiable detrital, metamorphic and 
hydrothermal mineral phases. Quantitative X R D analysis has also allowed for the 
distinction of various carbonate phases, and the proportions in which they occur. The 
proportions and range of sulphide minerals identified from quantitative X R D analysis is 
significantly less detailed and the proportions are inaccurate compared to silicate and 
carbonate minerals, largely due to the small quantities involved, with arsenopyrite levels 
being particularly unreliable due to the nature of its x -ray pattern. 
Pulps returned from geochemical analysis were ground a further three minutes in a ring 
grinder in order to obtain an approximate grain size of 5 microns. Samples that had not 
previously been sent for crushing and geochemical analysis were broken by hand and 
placed into the apparatus for five minutes to obtain the appropriate aggregate size. The 
samples were then placed carefully into aluminium holding trays and flattened using a 
piece of glass, with extra care being taken so as not to preferentially orientate any of the 
elongate mineral phases. Digitised X-ray traces of samples were obtained using a 
computer-controlled Siemens D501 diffractometer at the University of Ballarat. 
Instrumental conditions were 40kV/25mA using Ni-filtered C u k a radiation, a scan 
interval 2.1° to 80° 20 at l7min and step size of 0.02°. Most samples were analysed using 
a Cu tube, although several samples were analysed using a C o x -ray tube. Individual 
samples were analysed for approximately 75 minutes, from around 4 ° 8 to 81 9, allowing 
for the entire range of expected mineral phases. 
Several raw XRD traces were then used to identify the mineral phases present. This was 
achieved using the software program T R A C E S to identify peaks within the x-ray patterns 
and, subsequently N E W P D S M , which uses identified peaks to suggest a range of 
minerals which may be present. Identified mineral phases were then entered into the 
program S I R O Q U A N T , allowing it to successfully calculate the proportions of these 
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minerals present. Manipulation of the calculated x -ray pattern that S I R O Q U A N T uses to 
compare to the measured pattern in calculating mineral percentages, via minor changes in 
a range of parameters, allows the overall i square error to be minimised. Error values of 
below around 5 or 6 are preferable. However, in many of the samples analysed the error 
could not be reduced to this level. Thus some ofthe mineral proportions may be incorrect 
by a couple of percent. This ap plies particularly to the micaceous phases, as it seems most 
ofthe error in these cases resulted from the preferential orientation of micas. The resultant 
quantitative X R D data have been used to compare the mineralogy of samples of similar 
lithology, both fine and coarse grained, throughout the hydrothermal alteration system. 
The full range of x-ray traces and quantitative analyses for all samples can be found in 
Appendix 3. 
The wide ranges of some mineral proportions can be attributed largely to primary detrital 
variation. In most cases, the effects of hydrothermal alteration have a relatively small 
impact in overall mineral percentages compared to the natural variation in mineral 
percentages. It is therefore necessary to compare only samples of similar 1 ithology, with 
similar primary proportions of minerals. For this reason, samples were treated as two 
separate groups; quartz-dominated samples, termed sandstones for convenience, but also 
including siltstones and argillaceous sandstones, and mica -dominated samples that have 
been grouped as slates. 
Minerals identified during XRD analysis include: 
Quartz 
Albite 
Ankerite 
Magnesite 
Rutile 
Pyrite 
Muscovite 
Chlorite 
Siderite 
Calcite 
Arsenopyrite 
Apatite 
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7.2 Identified trends 
7.2.1 Quartz 
Samples from sandstones contain more than 35% quartz, and as much as 87% quartz, 
with clean, clast-supported, coarse-grained sandstones containing the highest proportion 
of quartz. The amount of quartz within samples is quite variable. The average quartz 
content of sandstone samples within 5 metres of mineralisation is around 1 0 % lower than 
the average quartz content further from major hydrothermal fluid conduits (Figure 40). 
There are two possible explanations for the possible desilicification of sandsto ne samples 
adjacent to these major structures. One possibility is that desilicification of wallrocks 
adjacent to major fluid conduits was due to hydrothermal fluids being undersaturated with 
respect to silica, resulting in the chemical erosion of detrital quartz clasts. The other 
possibility is that significant volumes of silica have been preferentially removed from 
high strain zones, such as the hinges of anticlines (which happen to be the loci for most of 
the auriferous veining), during regional shortenin g and cleavage formation. It is difficult 
to ascertain whether the observed desilicification results from the movement of 
hydrothermal fluids. To test whether this is indeed the case would require geochemical 
data from the core of an anticline from drill samples that had not intersected 
mineralisation. Alternatively, it m a y be that the movement of hydrothermal fluids, along 
with cleavage development and the ascent of metamorphic fluids were all occurring 
concurrently. 
The quartz content of slate samples ranges between 35% and 4%, with the lowest quartz 
content occurring adjacent to mineralisation. The quartz content of slates increases 
consistently from around 1 3 % furthest from mineralised structures, to between 2 7 % and 
3 0 % quartz 40 m from these same stru ctures (Figure 41). At this point, the quartz content 
within slate samples drops quite significantly and becomes erratic, perhaps reflecting the 
influence of hydrothermal fluids. Desilicification of slate samples is suggested for only 
one sample directly adjacent to mineralisation. The higher levels of quartz within slate 
samples from between 40 and 100 m from mineralisation m a y represent the effects of 
remobilisation of silica adjacent to mineralisation, particularly within sandstone samples. 
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Figure 40: Distribution of quartz within sandstone samples with respect to distance from 
mineralised structures. 
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Figure 41: The distribution of quartz within slate samples with respect to distance from 
mineralised structures. 
7.2.2 Albite 
The proportion of albite within sandstones is similarly erratic, with samples containing 
between 6.4% and 19% albite, with an average albite content of around 13% (Figure 42). 
One sandstone sample from adjacent to mineralisation within the hinge of the Sheepshead 
anticline contains significantly less albite (6.4%) than the bulk ofthe other samples. This 
trend may reflect the replacement of albite by carbonate during hydrothermal alteration, 
although this was not obvious in thin section. It may be t hat this sample simply possesses 
less albite, or that albite has been destroyed preferentially during strong cleavage 
development. The presence of a strong dislocation pressure solution cleavage seam 
perhaps supports the latter explanation. Sericitisation of albite, often seen as a 
characteristic feature of wallrock alteration within the mesothermal gold deposits of 
central Victoria, was not observed in thin section and is not supported by the XRD data 
from the Bendigo samples, suggesting little or no destr uction of albite from samples 
throughout the Deborah and Sheepshead lines. 
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Figure 42: Distribution of albite within sandstones with respect to distance from 
mineralised structures. 
The variation in the albite content of slates with distanc e to mineralised structures 
resembles the trend displayed by quartz, in that the albite content increases gradually 
towards mineralisation, until about 20 metres from mineralisation where the albite content 
becomes more erratic, and drops somewhat. Albite levels increase from 2 % around 200 
m from mineralisation, to around 7.8% 18 metres from mineralisation, with the lowest 
level of albite (0.5%) occurring within 3 m of mineralisation (Figure 43). This reduction 
in albite content of some slates probably reflects the destruction of albite within strongly 
hydrothermally altered samples, with albite being replaced by siderite, or ankerite. 
Remobilisation and deposition of albite is unlikely to have caused the increased albite 
levels that are seen between 20 and 100 m from mineralised structures. This increase in 
albite content and the fact that it is mirrored by a coincident increase in quartz content 
suggests that the observed elevation of quartz and albite within this zone is simply a 
primary lithological feature. 
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Figure 43: Distribution of albite from slate samples with respect to distance from 
mineralised structures. 
7.2.3 Muscovite 
X-ray diffraction analysis has revealed muscovite proportions which are antipathetic with 
those of quartz. Muscovite comprises between 1 2 % and 4 6 % of samples, with samples 
within around 5 m of mineralisation tending to display increased muscovite content 
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(Figure 44). This increase in muscovite content may be an apparent feature only, whereby 
removal of a significant proportion of a major component of the sample (in this case the 
removal of quartz) results in the content of all other mineral phases appearing to be 
elevated, as the total sum percentage of minerals must still be equal to 100%. This 
increase in muscovite proportions clearly delineates a zone of desilicification occurring 
within 5 m of mineralisation on the Deborah and Sheepshead anticlines. A s discussed 
previously, whether this occurred as a result of hydrothermal alteration or is related to 
metamorphic cleavage formation, or a combination of both, is uncertain. The average 
muscovite content of samples outside this zone of desilicification is around 2 0 % , whereas 
the muscovite content averages around 2 8 % within the desilicification zone. 
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Figure 44: Distribution of muscovite, quartz and albite within sandstone samples with 
respect to distance from mineralised structures. 
The muscovite content of slates furthest from mineralisation ranges between 55% - 60%, 
and then drops to between 4 5 % an d 5 0 % at 70 to 30 m from mineralisation. A s mentioned 
previously, this zone is marked by the presence of more quartz - and albite-rich slates. The 
muscovite content of slates becomes more erratic within 30 m of major mineralised 
structures, but generally in creases. Again it would appear that this increase resulted from 
the removal of quartz, rather than the addition of muscovite. Nonetheless, proportionally, 
muscovite comprises more of these slate samples closer to mineralisation. 
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Figure 45: Distribution of muscovite within slate samples with respect to distance from 
mineralised structures. 
7.2.4 Chlorite 
The chlorite content of sandstones is also quite variable, ranging from 0.5% to almost 
1 5 % (Figure 46). The chlorite content of sandstones d ecreases gradually towards major 
hydrothermal fluid conduits in the cores of fold hinges, with the lowest chlorite contents 
occurring within 40 metres of these structures. Interestingly, a sample from adjacent to 
the core of the Deborah syncline also has a low chlorite content. Again, within 5 m of 
major hydrothermal fluid conduits in the cores ofthe Sheepshead and Deborah anticlines, 
chlorite content is seen to increase, possibly as a result of the removal.of silica. T w o 
samples within 2 m of a mineralised structure display a significant reduction of chlorite 
despite the removal of silica. 
Chlorite levels within slate samples more than 10 metres from mineralisation are 
relatively constant, between 1 3 % and 1 9 % (Figure 47). A s significant mineralised 
structures within the cores of anticlines are approached, the chlorite content of slates 
decreases significantly, with two slate samples within this zone possessing only 1 % 
chlorite. The fact that these low levels of chlorite occur within zones of reduced silica 
content suggests that the reduction of chlorite is even more pronounced than is apparent. 
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Figure 46: Distribution of chlorite within sandstone samples with respect to distance from 
mineralised structures. 
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Figure 47: Distribution of chlorite within slate samples with respect to distance from 
mineralised structures. 
7.2.5 Ankerite 
The distribution of ankerite within sandstones strongly reflects proximity to major 
mineralised structures. Samples ranging from furthest from min eralisation to those around 
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50 m from these structures seem to have relatively constant ankerite levels, averaging 
between 0.5% and 1%. Ankerite levels then rise to 8.5% between 45 and 50 m from these 
mineralised structures and then gradually drop back to below 0.8% within 5 m of 
mineralisation (Figure 48). Several samples within this zone adjacent to mineralisation 
contain virtually no ankerite. The distribution of ankerite in slate samples with respect to 
distance to mineralisation is somewhat different t o that seen in sandstones, with ankerite 
content gradually but erratically increasing as mineralised structures are approached. 
Ankerite levels within slates furthest from mineralisation are around 0.3%, and reach a 
m a x i m u m of 5 % adjacent to mineralisation (Figure 49). Several samples within 20 m of 
mineralised structures possess very low levels of ankerite. Overall, the distribution of 
ankerite with respect to distance from major auriferous hydrothermal fluid conduits is 
suggestive of a strong link between the location of these structures and the amount of 
ankerite within both coarse and fine grained samples. The reduction in ankerite content of 
sandstone samples adjacent to mineralisation m a y be related to the distribution and timing 
of a different, possibly later, hydrothermal fluid generation. Alternatively, this observed 
decrease m a y occur as a result ofthe evolution of a single hydrothermal fluid generation. 
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Figure 48: Distribution of ankerite within sandstone samples with respect to d istance 
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Figure 49: Distribution of ankerite within slate samples with respect to distance from 
mineralised structures. 
7.2.6 Siderite 
The distribution of siderite within sandstone samples again strongly refle cts the proximity 
of samples to major mineralised structures (Figure 50). Samples from between 180 and 40 
m distant from mineralisation contain only very low levels of siderite, with several 
samples possessing none at all. Within 40 m of mineralised struct ures, the siderite content 
climbs to around 1-2% before becoming erratic within 10 m of mineralisation. Several 
samples directly adjacent to mineralisation possess as much as 1 1 % siderite. Overall, the 
siderite content of sandstone samples mirrors, more or less, the ankerite content of these 
same samples. This reflects a strong lithological control on the migration of hydrothermal 
fluids, with different fluid generations, or phases of the same fluid, preferentially 
migrating through certain permeable lithol ogical units. 
The siderite content of slate samples very strongly reflects the influence played by the 
proximity of samples to major hydrothermal fluid conduits, with samples from between 
180 and 55 m from mineralisation containing no siderite, whereas s amples adjacent to 
mineralisation within anticlines and large scale fluid conduits within synclinal axes show 
significant siderite development of up to 13.7% (Figure 51). The contrast displayed 
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between the distribution of siderite within slate and sandston e samples is suggestive of 
more restricted fluid migration and hence development of siderite within slate units, with 
siderite development restricted to within 25 m of major hydrothermal fluid conduits. The 
distribution of ankerite and siderite within thes e samples m a y therefore be linked to the 
timing of chemically unique hydrothermal fluid phases, along with the permeability and 
reactivity of different lithologies with respect to different phases of hydrothermal fluid. 
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Figure 50: Distribution of siderite within sandstone samples with respect to distance from 
mineralised structures. 
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Figure 51: Distribution of siderite within slate samples with respect to distance from 
mineralised structures. 
7.2.7 Pyrite 
Pyrite appears to be distributed erratically throughout the sandstone samples, with no 
obvious trend displayed with respect to distance to major mineralised structures. The 
apparent variation in pyrite content observed closer to mineralisation is simply a function 
of sample density. The pyrite content of these samples varies from 0 to 1.5%, with the 
highest pyrite levels occurring within a sample furthest from minerahsation, and the 
lowest levels occurring within 20 m of mineralisation (Figure 52). By contrast, the pyrite 
content of slate samples displays a distinct increase adjacent to mineralisation, with 
several samples within 15 m of mineralisation possessing significantly more than the 
background pyrite content, up to 8.8% pyrite (Figure 53). It may be that the observed 
difference between the pyrite content of slate and sandstone samples reflects the reduction 
in pyrite content of sandstone samples as a result ofthe movement of a later generation of 
sulphur-undersaturated fluid along highly permeable fluid conduits. 
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Figure 52: Distribution of pyrite within sandstone samples with respect to distance from 
mineralised structures. 
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Figure 53: Distribution of pyrite from slate samples with respect to distance from 
mineralised structures. 
7.2.8 Arsenopyrite 
Quantitative X R D analysis of sandstone samples reveals quite erratic and unreliable 
arsenopyrite contents. The poor resolution with which arsenopyrite content was estimated 
is due largely to the overlap of the bulk of the major arsenopyrite peaks with those of 
other mineral species which are c o m m o n within the samples, mainly albite. Thus, in 
many cases, low arsenopyrite contents are indicated from X R D , whereas petrography and 
geochemistry indicate a significant arsenopyrite component. Sandst one samples within 8 
m of mineralisation display significant, although erratic, arsenopyrite levels, suggesting a 
very strong association between the occurrence of arsenopyrite and the location of major 
auriferous hydrothermal fluid conduits. Arsenopyrite contents reaches as high as 0.5% 
adjacent to mineralisation, whereas one sample much further from mineralisation returned 
an unreliable value of 0.8%. The arsenopyrite content of slate samples is likewise 
unreliably estimated by X R D , with samples known to contain significant visible 
arsenopyrite returning no arsenopyrite according to the X R D data. Overall, the 
distribution of arsenopyrite within slates appears to decrease as mineralisation is 
approached (Figure 54). Such a trend is in direct opposition to the results of both 
petrography and geochemistry that an increase in arsenopyrite and arsenic content as 
major mineralised structures are approached. Only two samples within 20 m of 
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mineralisation that actually contained visible arsenopyrite showed any ar senopyrite from 
XRD analysis, with the remaining arsenopyrite levels within slate samples further from 
mineralisation being most likely spurious. 
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Figure 54: Distribution of arsenopyrite in slate samples with respect to distance from 
mineralised structures. Note: the distribution represented here is likely spurious due to 
the unreliability of XRD data for arsenopyrite. 
7.2.9 Calcite 
The calcite content of sandstone samples appears to range largely between none and 
0.2%, with samples of carb onate-rich sandstone adjacent to cone -in-cone carbonate being 
composed of 3% and 25% calcite. Generally, the distribution of calcite is not suggestive 
of any real trend with respect to distance to mineralisation, although one sandstone 
sample directly adjacent to mineralisation possesses 0.5% calcite. The occurrence of this 
elevated calcite value adjacent to mineralisation indicates that there may have been a 
weak phase of hydrothermal calcite development. Interestingly, slate samples proved to 
be devoid of calcite, with samples containing not even trace amounts. This may suggest 
that the development of hydrothermal calcite was the result of a particularly non -
pervasive generation of hydrothermal fluid flow, with calcite development being 
restricted to more permeable sandstone beds. The occurrence of a significant amount of 
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calcite within sandstone samples in proximity of cone -in-cone carbonate probably reflects 
a strong sedimentary input. 
7.2.10 Rutile 
The distribution of rutile within samples is interesting, particularly in light of the 
observation of significant hydrothermal rutile adjacent to quartz -chlorite veins and its 
occurrence in association with sulphide -bearing quartz porphyroblasts. The rutile content 
of sandstone samples is quite erratic, with levels varying from 0.3 to 1.0% (Figure 55). 
Samples within 7 m of major auriferous structures in anticlinal hinge zones have 
somewhat elevated rutile contents. This is most likely an apparent increase caused by 
simultaneous desilicification of wallrock sandstones adjacent to these structures. The 
highly variable rutile content of sandstone samples further from these mineralised 
anticlinal structures is more likely to reflect primary lithological variation in the detrital 
rutile content of samples. 
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Figure 55: Distribution of rutile in sandstone samples with respect to distance from 
mineralised structures. 
The distribution of rutile within slate samples is quite different to that seen within 
sandstones. Background rutile contents of around 1 .0-1.1% are seen between 17 and 140 
m from mineralisation, whereas one sample 190 m from mineralisation, adjacent to a 
synclinal hinge zone, contains 1.7% rutile (Figure 56). The strongly erratic nature of rutile 
content in slate samples within 17 m of m ineralisation most likely reflects dynamic and 
highly variable mass transfer processes. The total rutile content of slate samples also 
reflects the bulk of the TiO 2 content of these samples. A s Titanium is known to be 
strongly immobile during hydrothermal alteration, such large scale variations in rutile 
content observed here must reflect either the addition or removal of significant volumes 
of other phases during hydrothermal alteration. The implications of desilicification within 
these zones and the impact of this on mass transfer will be more fully explored in chapter 
8. 
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Figure 56: Distribution of rutile within slate samples with respect to distance from 
mineralised structures. 
Chapter 8: Geochemistry of Wallrock Alteration 
8.1 Introduction 
Geochemical changes within wallrock sediments adjacent to major aurifer ous structures 
within turbidite-hosted gold deposits have begun to be recognised as significant over the 
past 10 years. Although the typically quartz-rich nature of the sedimentary rocks 
containing turbidite-hosted deposits generally precludes geochemical alteration as intense 
as that seen in some other deposit types, significant geochemical trends are seen. 
As outlined previously, the characterisation of chemical changes associated with the 
movement of auriferous fluids through wallrock sediments adjacent to mineralised 
structures within the Bendigo goldfield is one ofthe key objectives of this study. To this 
end, a total of 45 samples from both the Deborah and Sheepshead lines, as well as from 
the Central Deborah tourist mine, have been analysed for a range of major and trace 
elements. In addition to this, significant numbers of trace element analyses undertaken by 
both W M C and Bendigo Mining since the mid 1980's were obtained. The resultant 
geochemical data allow both a graphical and statistical analysis of the effects 
hydrothermal alteration on wallrocks at Bendigo. 
8.2 Sampling methodology 
Initially, 10 samples were taken from 4 diamond drill holes (BD4, BD4015, BD4017, and 
BD4007) at locations representing a range of positions with respect to distance from 
major mineralised structures. Samples were also selected so as to be representative of 
both coarse and fine grained lithologies. Ofthe 10 samples, 7 were medium to coarse -
grained sandstones, 2 were slates and one was a carbonate -rich sandstone. These samples 
represent wallrock between 0 to 200 m from mineralisation. Samples generally consisted 
of lA or VA drill core sections up to 20 c m in length. These were then sent to Amdel 
Laboratories is South Australia where they were dried, crushed, and subjected to a range 
of analytical techniques. 
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The major elements (A120 3%, C a O % , Fe 2 0 3 % , K 2 0 % , M g O % , M n O % , N a 2 0 % , P 2 0 5 % , 
Si02%, and Ti0 2 %) were determined by ICP-OES following an alkali fusion and acid 
digestion. Detection limits for the various elements vary between 0.005 wt. % and 0.01 
wt. %. Ferrous iron and sulphur were obtained using volumetric analysis, with detection 
limits of 0.1 wt. % and 0.05 wt. %, respectively. Gold contents were determined to a 
detection limit down of 1 ppb by fire assay with a carbon rod atomic absorption finish. 
The levels of other trace elements were determined following aqua regia digest and I CP-
OES analysis, resulting in detection limits of between 0.1 and 0.5 ppm . R a w data for all 
samples are given in Appendix 4. 
Subsequent to this initial sample set, a 24 sample traverse was undertaken from diamond 
drill hole B D 4 in order to better define s ome ofthe trends identified from the initial batch 
of samples. The second sample set consisted of 12 sandstone and 12 slate samples from 
between 0 and 200 m distant from mineralisation on the Sheepshead anticline (Figure B). 
Samples in this traverse were taken at increasing intervals from the Sheepshead lode, so 
as to allow a more accurate picture of alteration closer to mineralisation. A separate set of 
samples taken from within a single sandstone bed adjacent to a 60 cm thick, vertical E - W 
spur vein between levels 2 and 3 at the Central Deborah Tourist mine were also subjected 
to trace element analysis. 
S3 Major element geochemistry 
Major element geochemical data from preliminary sampling of Diamond drill holes BD4, 
BD4015, BD4017, and BD4007 reveal a number of interesting trends. A m o n g these are 
reductions in the levels of N a 2 0 , P205, and Si02 as mineralised structures are approached, 
along with corresponding increases in S, FeO, C O
 2, Ti02, LOI, AI2O3, Fe203, K 2 0 , and 
M g O as these same structures are approached (Figure 57). 
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Figure 57: Selected major element trends identified from the preliminary sampling. Major 
elements are plotted against distance from nearest anticlinal fold axis (equivalent to distance 
to mineralisation in this case as each anticline in the vicinity is mineralised). 
The sample traverse undertaken from diamond drill hole B D 4 extends from a mineralised 
intersection on the Sheepshead anticline to the Deborah syncline some 200 m to the east. 
It also highlights many of these major element trends previously noted, including 
significant increases in K 2 0 , P2Os, LOI, C 0 2 , and S, with decreases in N a 2 0 and Si0 2 as 
mineralisation is approached (Figure 58). A s illustrated in Figure 58, coarse and fine 
grained lithologies display significantly different major element signatures and trends. 
This lithological variation will be discussed in more detail later in this chapter. 
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Figure 58: Major element geochemical trends evident from the sample traverse of 
diamond drill hole B D 4 . 
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The A1 20 3 content of slate samples from the B D 4 traverse varies from 16.7 wt. % to as 
high as 26.4 wt. %, with the sample with the highest Al
 203 content occurring adjacent to 
the mineralised Sheepshead anticline. The Al
 203 content of slate samples appears to be 
elevated within around 10 m of mineralisation, before dropping to slightly lower levels, 
with samples further from mineralisation again displaying slightly elevated values, 
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adjacent to the hinge of the syncline to the east. The Al
 2 0 3 content of sandstone samples 
from drill hole B D 4 ranges from 6.38 wt. % up to 13.5 wt. % and, whereas the Al
 2 0 3 
content displays a distinct trend with distance from mineralisati on, the A1 2 0 3 content of 
sandstone samples lacks any real trend. 
The CaO content of both fine and coarse grained samples from BD4 is quite erratic, with 
no distinct trends observed. It ranges from 0.22 wt. % to as high as 2.58 wt. %, with the 
bulk of samples returning values of between 0.22 wt. % and 0.5 wt. % CaO. The 
anomalously high C a O content of sandstone sample B D 4 -620 (2.58 wt. % ) results from 
the presence of abundant matrix carbonate. 
Ferric iron within samples from drill hole BD4 displays distinctly different trends in fine 
and coarse-grained lithologies, similar to those seen from Al
 2 0 3 . Several slate samples 
within 15 metres ofthe Sheepshead Anticline display significantly elevated Fe
 2 0 3 levels, 
with the sample containing the highest level of Fe 20 3 occurring just 2.5 m from 
mineralisation (Sample BD4-660.2 m ) . Again, the F e 2 0 3 content of slate samples drops 
between 40-60 m from the Sheepshead anticline before again rising further from 
mineralisation. The F e 2 0 3 content of sandstone samples from the B D 4 traverse was 
somewhat erratic with no real trends observed. 
The K20 content of slate samples from BD4 again display a similar trend, with samples 
closest to mineralisation displaying elevated K
 2 0 levels, whereas samples from between 
40 and 80 m away display reduced K 2 0 levels, with samples further from the Sheepshead 
anticline displaying slightly elevated K
 2 0 . Again, sandstone samples display no distinct 
trend in K 2 0 with respect to distance to the Sheepshead anticline. 
The distribution of MgO, LOI and Ti02 with respect to distance from mineralisation is 
virtually identical to that displayed by K 2 0 , A 1 2 0 3 and Fe 20 3, with slate samples 
displaying elevated values close to the Sheepshead anticline before dropping away 
briefly, then returning to intermediate values. Likewise, the coarser grained samples 
display no obvious trend, with individual sample variations mimicking those seen in 
analyses for other species. 
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The M n O content of B D 4 samples displays a weak trend in both slates and sandstones as 
mineralisation is approached. The M n O levels drop slightly in both fine and coarser 
grained samples within around 15 -20 m ofthe mineralised Sheepshead anticline. 
Sodium levels within both slate and sandstone samples from the BD4 traverse display a 
distinct trend as the mineralised Sheepshead anticline is approached. Levels of N a
 2 0 rise 
from background levels to maximum levels between 20 - 40 m from the Sheepshead 
anticline, before dropping rapidly to as low as 0.41 wt. % within 10 m of mineralisation in 
slates, and as low as 1.31 wt. % within 20 m of mineralisation in sandstone samples. 
The P2Os contents of both slate and sandstone samples become erratic as the Sheepshead 
anticline is approached. It appears that the P
 2Os content of sandstone samples general ly 
increases as mineralisation is approached, whereas in slates, the P 2 O s content decreases 
marginally directly adjacent to mineralisation. 
Silica, being the dominant component of both slates and sandstones in the form of detrital 
quartz, means that minute differences in composition resulting from wallrock alteration 
may be masked by larger scale primary lithological variations. A s seen in Figure 58, the 
Si02 content of sandstone samples varies between 70.8 wt. % and 85.2 wt. %, whereas in 
slate samples the levels of Si0 2 vary from 42.5 wt. % to 63.3 wt. %. The Si0 2 content of 
sandstone samples displays a slight increase as the mineralised Sheepshead anticline is 
approached. Sandstone samples further from mineralisation display more erratic and 
slightly lower Si02 levels compared to those within 60 m of mineralisation, where 
samples display quite a narrow and slightly elevated range of SiO _ values. 
The distribution of Si02 from slate samples in the BD4 traverse is interesting in that 
samples furthest from the Sheepshead anticline have S i 0 2 levels that rise steadily to a 
maximum at around 13 m from mineralisation. Slate samples within 13 m of this major 
anticlinal structure then display a rapid reduction in SiO
 2 content as the mineralised 
structure itself is approached, with two samples adjacent to mineralisation possessing less 
than 45 wt. % Si02. The mobilisation, addition or removal of SiO 2 associated with the 
development of major mineralised structures such as those seen on the Sheepshead 
anticline is significant in terms ofthe net geochemical changes that take place associated 
with wallrock alteration. The impact of S i 0 2 mobilisation on the interpretation of 
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geochemical data in the study of wallrock alteration processes will be discussed further in 
Chapter 9. 
Elemental carbon dioxide analyses of both slate and sandstone samples from the BD4 
traverse reveals the C 0 2 content of samples increases as the mineralised Sheepshead 
anticline is approached. Sandstone samples range in C O
 2 content from 0.2 wt. % to 10.6 
wt. %, whereas slate samples contain between <0.05 wt. % and 5.5 wt. % C O
 2. 
Significantly, elevated C 0 2 levels appear from the B D 4 traverse to be largely restricted to 
samples directly adjacent to anticlinal and synclinal structures. Samples with 
significantly elevated C 0 2 levels occur within 15 m of the Sheepshead anticline, as well 
as adjacent to the Deborah syncline, whereas samples from within 40 m of the 
Sheepshead anticline have slightly elevated C O
 2 content. 
Similarly, LOI% data from BD4 sample s display a significant increase as the Sheepshead 
anticline is approached, particularly within 15 m of mineralisation within slate samples. 
Elevated LOI levels are also observed from a sample adjacent to the Deborah syncline, 
some 190 m from mineralisation. The LOI content of sandstone samples remains 
relatively constant as the mineralised Sheepshead anticline is approached. 
The sulphur content of slate samples ranges from 0.10 wt. % to as high as 4.85 wt. % and 
increases significantly as the mineralised Sheepshead anticline is approached. This is 
clearly reflected in the increase of visible sulphide phases (largely pyrite and 
arsenopyrite) closer to mineralisation. Elevated S levels from slate samples occur largely 
within 30 m of the Sheepshead anticline, as well as from a sample furthest from 
mineralisation, within the Deborah syncline. The S content of sandstone samples from the 
B D 4 traverse also increases as the mineralised Sheepshead anticline is approached. The S 
content of these sandstone samples is generally lower than slate samples from similar 
positions in the sequence, with several samples more than 40 metres from the Sheepshead 
anticline returning S levels below the detection limits for the analytical technique used 
(0.05 wt. % ) . A n elevated S content was also recorded from sandstone sample B D 4 -473.4 
m located adjacent to the hinge ofthe Deborah syncline. 
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8.4 Trace element geochemistry 
Trace element geochemical data from both W M C and Bendigo Mining, as well as data 
obtained through geochemical sampling of diamond drill hole B D 4 and from underground 
exposure at Central Deborah, have revealed distinct trace element trends. Geochemical 
sampling undertaken largely by W M C provided an excellent reservoir of raw 
geochemical data that was made availab le for use in this study. Sampling undertaken by 
W M C was done on a unit-by-unit basis, resulting in thousands of metres of geochemical 
data, with each individual sedimentary unit being sampled and assayed. Geochemical 
analyses undertaken by W M C were restri cted to trace elements, including As, Ag, Hg, Ni, 
Cu, Pb, Co, Zn, M n , Cr, V, and Au. 
Geochemical plots of historical trace element data for a number of drill holes within the 
study area (Appendix 5) reveal distinct trends for many of the trace elements analysed as 
mineralised vein systems are approached. Typically, the levels of the trace elements 
selected within wallrock sediments adjacent to mineralised veins are elevated, although 
the trace element content of the veins themselves tends to be much high er. Significant 
increases in the levels of arsenic, gold, cobalt, copper, lead, and zinc are evident from 
wall rock samples adjacent to mineralised structures from virtually all mineralised 
intersections, whereas Cr levels are seen to be lower in these zon es. 
The analysis of these several thousand trace element analyses was intended to be used to 
identify trace elements of interest for further sampling, as well as to identify the extent of 
wallrock geochemical haloes surrounding mineralised vein systems. G eochemical plots 
reveal that zones of trace element elevation are restricted to within around 20 m of the 
mineralised vein margins themselves. The W M C data indicate that trace element 
geochemical haloes appear to be more extensive adjacent to larger vein s ystems within 
the cores of anticlines than from smaller vein systems, or those seen within the cores of 
synclines. This suggests that the volume and perhaps longevity of fluid flow within these 
major structural fluid conduits significantly impacts on the e xtent to which wallrock 
alteration developed. 
Preliminary geochemical sampling undertaken in order to test the geochemical signatures 
of different lithologies at various positions laterally from ore zones, revealed some 
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interesting trace element trends. F r o m this preliminary batch of 10 samples, increases in 
Au, As, Bi, Sb, Cu, Co, Pb, and Zn levels occur as mineralisation is approached (Figure 
59). It must be noted, however, that these samples represent a range of lithologies from a 
number of different drill holes, and so do not represent a continuous section of samples. 
Several trace elements increase in content as mineralisation is approached, including Au, 
As, Bi, Sb and, to a lesser extent, Ag, Cu, and Pb. Plots of Pb, Cu, Sb, Z n and Bi, reveal a 
slight decrease in content prior to increasing within 10 to 20 m from mineralisation. 
These elevated trace element levels appear from this preliminary data to be restricted to 
samples within 20 metres of mineralisation. Taking into consideration the small samp le 
size (10 samples), and the spread of sampling over 4 drill holes on 3 lines of cross-
section, the presence of these distinct geochemical trends was encouraging. 
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Figure 59: The distribution of selected trace elements wit h respect to distance from the 
nearest major anticlinal fold axis (again this is equivalent to distance from major 
mineralised structures here), from the preliminary sample set. 
Identified trace element patterns from preliminary sampling of drill holes within the 
project area assisted in the selection of trace elements for analysis in the detailed follow 
up sample traverse of drill hole BD4. Sampling of diamond drill hole BD4 was 
undertaken so as to maximize coverage of both fine and coarse -grained lithologies, as 
well as to provide dense sample coverage of the zone inside 40 m from the mineralised 
intersection of the Sheepshead anticline. Samples within this zone were spaced 
increasingly closer as mineralisation was approached, so as to better define trace and 
major element distributions identified from both preliminary samples and old WMC/BM 
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data. Trace elements selected for analysis from samples within the B D 4 traverse include 
Au, As, Cr, Sb, Mo, Cu, Co, Pb and Zn. 
As seen in Figure 60, significantly elev ated levels of Au, As, Sb, Mo, Cu Co, Pb and Zn 
were all recorded from samples nearest the Sheepshead anticline. As seen with the major 
element response of these same samples, the slates tended to produce significantly 
stronger positive trends as mineralisation is approached than those seen from the 
sandstones. 
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Figure 60: Distribution of trace elements from B D 4 traverse samples with respect to 
distance from a major mineralised structures. 
Arsenic levels within slate samples from the BD4 traverse are significantly elevated 
within 40 m of the mineralised Sheepshead anticline, with the highest levels of As 
occurring directly adjacent to the mineralised structure. Arsenic levels from these slates 
range from as low as 6 ppm, to as high as 7500 ppm. Again, slightly elevated A s levels 
occur in samples adjacent to the Deborah syncline. The slate sample returning the lowest 
As level is 141.7 m from the Sheepshead anticline, whereas the sampled returning the 
highest levels are both within 2.5 m ofthe mineralised vein system. 
The As content of sandstone samples steadily increases towards the mineralised 
Sheepshead anticline, basically mirroring the As content of slate samples, but with lower 
amounts of As. The A s content of sandstones from the B D 4 traverse ranges from 7 p p m 
to 48 ppm, with the highest As content occurring within a sample B D 4 -651.6 m , some 
11.1 m from mineralisation (the nearest sandstone sample to the eastern side of the 
mineralised Sheepshead ant icline). 
Gold levels within wallrock samples revealed significant increases in the gold content 
within 7 m of the mineralised vein system of the Sheepshead anticline. Slate samples 
contain A u levels ranging from 1 ppb to 770 ppb, whereas sandstone samples contain 
between 1 ppb and 47 ppb. Only 2 of the 12 sandstone samples returned A u values 
greater than the detection limit ofthe analytical technique used (1 ppb), whereas 9 out of 
12 slate samples returned values greater than 1 ppb. One sample, located 24 .lm from the 
mineralised Sheepshead anticline, also contains a slightly elevated A u content of 4 ppb. 
The existence of anomalous A u levels within wallrock sediments at least 7, and up to 24 
m, from the mineralised intersection on the Sheepshead anticline i s indicative of 
extensive wallrock -fluid interaction adjacent to mineralised Anticlinal hinge zones. 
Interestingly, sample BD4 -668.0 m from adjacent to the western side of mineralised 
veining contains only 1 ppb Au. This, along with other discrepancies in the geochemical 
signature of samples from the western side of the Sheepshead anticline, suggests that 
hydrothermal fluids interacted far more with wallrocks on the eastern side of the 
anticline. This preferential fluid flow m a y result from either stratigr aphic or structural 
focusing of hydrothermal fluids at levels just below drilled intersection. 
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Wallrock slate samples from the B D 4 traverse display significant reductions in Cr levels 
as the mineralised Sheepshead anticline is approached, whereas Cr leve Is within 
sandstone samples remain relatively consistent as mineralisation is approached. 
Chromium levels within slate samples range from 7 ppm to 35 ppm, with the sample 
containing the least Cr occurring directly adjacent to the mineralised vein system i n the 
core of the Sheepshead anticline. Minor reductions in the Cr levels within slate sample 
can be observed as far as 45 m from mineralisation, although significant reductions are 
restricted to within 7 m of the mineralised structure. 
Detectable levels of both Sb and Mo were recorded from only two slate samples from the 
B D 4 traverse. Both of these samples occur adjacent to the mineralised intersection ofthe 
Sheepshead anticline, with one sample, BD4-660.2 m , occurring directly adjacent to 
mineralisation, containing 35 p p m Sb and 13 ppm M o . Sample B D 4 -656.6 m , located 
some 6.5 m from mineralisation contains 10 p p m Sb and 3 p p m M o . All other samples 
returned Sb and M o contents below the detection levels of 5 ppm and 1 ppm, 
respectively. 
Copper levels within samples from the BD4 traverse proved to be elevated in two slate 
samples, both within 6.5 m of mineralisation. These two samples were the same two 
described previously which contain elevated Sb and M o levels. Copper levels range from 
11 ppm to 250 ppm in slate samples, with the highest Cu content occurring only 2.5 m 
from mineralisation. Sandstone samples returned a very narrow range of C u values, 
ranging from 8 p p m to 33 ppm, with the bulk of samples returning values between 12 
ppm and 18 ppm. It should be noted that the sandstone sample that returned the highest 
Cu value was located only 11.1m from the mineralised Sheepshead anticline. 
Cobalt levels within slate samples are elevated as the mineralised Sheepshead anticline is 
approached. Further from mineralisation, samples possess Co levels between 17 ppm 
and 22 ppm, whereas samples within 11 m display levels which increase as 
mineralisation is approached, from 23 p p m to 31 ppm. Thus, the anomalously high Co 
levels are restricted in slate samples to w ithin 11 m of mineralisation. Again, w e see Co 
levels within sandstone samples remaining relatively consistent, with no obvious trend 
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occurring as mineralisation is approached. Cobalt levels within sandstone samples range 
from 6 p p m to 15 ppm. 
The distribution of Pb within slate samples from the BD4 traverse again displays a 
significant trend as mineralisation is approached. To a large extent, the Pb levels of these 
slate samples are similar, but slightly elevated with respect to the levels within the 
sandstone samples. However, two samples in particular, both within 6.5 m of 
mineralisation, display elevated Pb levels. The bulk of slate samples return Pb values 
between 18 p p m and 36 ppm. By contrast, samples BD4-660.2 m , and BD4-656.6 m 
possess 44 p p m and 68 p p m Pb, respectively. Sandstone samples return Pb values of 
between 12 p p m and 20 ppm, with no obvious trend observed as mineralisation within 
the Sheepshead anticline is approached. 
Similarly, the Zn content of sandstone samples from the BD4 traverse lacks any obvious 
trend as mineralisation is approached, with the Zn content of these samples ranging from 
30 ppm to 73 ppm, with the bulk of samples returning values between 30 p p m and 51 
ppm. The Z n content of slate samples, however, does increase as th e mineralised 
Sheepshead anticline is approached. Three samples within 13 m of mineralisation possess 
elevated Zn levels compared with the samples further from mineralisation. Samples 
BD4-660.2 m , BD4-656.5 m and BD4-679 m contain Zn levels of 230 ppm, 195 ppm, 
and 135 ppm, respectively. It should be noted however that several slate samples within 
12 m of mineralisation returned Zn assays similar to those for samples much further from 
mineralisation, suggesting that Zn enrichment during wallrock alteration was selective to 
an extent. Interestingly, selective Zn enrichment occurs within wallrock on the eastern 
side ofthe mineralised Sheepshead anticline, whereas only one sample from the western 
side ofthe structure displays elevated Z n levels. 
At total of nine samples from between levels 2 and 3 at the Central Deborah Tourist mine 
were analysed for a range of trace elements including gold, arsenic, cobalt, chromium, 
copper, lead and zinc (Figure 61). Samples were taken at intervals along a single north -
trending sandstone bed that is cut by a mineralised east-trending, vertical quartz-
carbonate spur vein. This sample traverse failed to delineate any significant geochemical 
trends, other than elevated A u and As values from samples adjacent to mineralised vein s. 
The fact that the sandstone bed which was sampled was directly beneath and within the 
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legs of a large, mineralised, bedding -parallel vein, as well as being only metres to the 
west of the core of the Deborah anticline may explain the lack of distinct geo chemical 
patterns emerging from the data. It should be noted here that levels of As from each of 
these samples was found to be greater the expected background levels and all but 3 ofthe 
samples returned A u assays above background (see section 8.5 for discussion on 
determination of background and threshold levels). 
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Figure 61: Trace element distribution from Central Deborah samples with respect to 
distance to the nearby mineralised E - W vertical spur vein. 
The data reveal that both gold and arsenic levels are significantly elevated in the 
sandstone samples within 1 m of the mineralised spur vein, whereas the distributions of 
Co, Cr, Cu, Pb and Zn lack any distinct trends with respect to distan ce from the 
mineralised spur vein. Chromium levels within these samples are all above the 
background value calculated (see section 8.5). However, the samples that returned the 
highest A u and A s levels, including the samples closest to the spur vein, return ed the 
lowest Cr values. This suggests a reduction in Cr levels, as seen from the B D 4 sample 
traverse. Levels of Cu, C o and Pb within these samples are within the ranges observed 
from samples further from mineralisation, whereas Zn levels are generally el evated 
compared to those obtained from samples further from mineralisation in the B D 4 
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traverse. The elevated levels of Au, A s and Zn within the bulk of these sandstone 
samples is not surprising given the proximity ofthe sample traverse to major mineralise d 
structures within the core ofthe Deborah anticline. 
8.5 Statistical analysis of the data 
Statistical analysis has been applied to both major and trace element geochemical data 
collected in this study, and to trace element analyses undertaken by W M C . It forms an 
important component of this study and was undertaken in order to validate the 
conclusions drawn from the data. In particular, statistical analysis has been used to 
establish the likely geochemical signatures of different lithologies, the prese nee and 
nature of correlations between the major and trace element species within the wallrock, 
as well as to define various background and threshold values for the range of trace 
elements included in this study. 
All WMC trace element geochemical data from drill holes BD4, BD4005, BD4007, 
BD4010 and BD4012, which are all located on the same line of section (Figure B ) , were 
hand entered into a spreadsheet and subsequently graphed using the program G R A P H E R . 
Geochemical data from each lithological unit, as wel 1 as intersected veins were included. 
Resultant cumulative frequency plots (Appendix 6) were then used to estimate 
background and threshold values for the range of trace elements analysed. Background 
levels for the various trace elements were calculated fr o m cumulative frequency % 
(probability scale) plots by estimating the median trace element content. 
Threshold levels (the level above which the content of a particular species within a 
sample is considered anomalous) were also calculated for these trace element data by 
both statistical and visual means. Threshold levels w e re calculated by determining the 2.5 
% level, as outlined by Rollinson (1993). This allowed the determination of the levels at 
which the content of a given species is considered signific ant (or anomalous). Also, 
frequency % plots were used to calculate a separate threshold value graphically, as seen 
in Figure 62 (see also Appendix 6) 
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Figure 62: Cumulative frequency % and frequency plots of As from diamond drill holes 
B D 4 , BD4005, BD4007, BD4010 and BD4012. 
Statistical and graphical analysis of data from the aforementioned diamond drill holes has 
resulted in the establishment of background (median), lower threshold (visually 
established and upper threshold (stat istically established) levels for range of elements , as 
seen in Table 8. Several elements reveal different visual and statistical threshold values. 
This is largely due to the fact that visual determination of threshold values enables the 
discrimination of spuriously high values, whereas using the 2.5 % method (which 
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approximates the mean + two standard deviations) must include all data to establish the 
2.5 % level. The inclusion of data from samples from all lithological units, including vein 
material, has increased the number of very high analyses, resulting in somewhat elevated 
upper (2.5 % ) threshold values. It follows therefore that elements that are 
disproportionately enriched, particularly in veins and, to a lesser extent, in wallrock 
samples, will display large variation between the threshold values calculated visually 
from those calculated statistically. A number of trace elements display this large 
variation, including arsenic, copper, manganese and zinc. The fact that these trace 
elements are significantly enriched within vein and, to a lesser extent, wallrock samples 
is not surprising given the occurrence of the hydrothermal minerals arsenopyrite, 
chalcopyrite and sphalerite, as well as manganese-bearing carbonate associated with 
mineralised quartz-carbonate veinlets. 
Table 8: Calculated background and threshold values representative of some 3388 
samples from diamond drill holes B D 4 , BD4005, BD4007, BD4010 and BD4012. 
As 
Cr 
Cu 
Fe% 
Hg 
Mn 
Ni 
Pb 
Zn 
Ag 
Background Lower T'Hold Upper T'Hold 
(Median) (Visual) (Stat{2.5%» 
20ppm 
10ppm 
25ppm 
3.50% 
15ppm 
300ppm 
40ppm 
25ppm 
80ppm 
0.7ppm 
70ppm 
40ppm 
60ppm 
5.50% 
50ppm 
600ppm 
85pprn 
80ppm 
180ppm 
2.0ppm 
4000ppm 
65ppm 
100ppm 
5.50% 
70ppm 
tOOOppm 
85ppm 
80ppm 
310ppm 
2.0ppm 
No background or threshold levels were obtained for gold from the W M C data due to the 
very small number of samples that recorded A u levels above the detection limit (5 p p m ) 
determined by the analytical technique used (50g fire assay). Virtually all samples 
returning A u values above the detection limit were derived from vein material. 
Determining background and threshold values from the samples obtained from several 
drill holes is useful in giving an idea of the general values to be expected, and what 
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constitutes an anomalous trace element content. However, the presence of significantly 
different lithological units throughout the Ordovician sequence in Bendigo must also be 
taken into account. A s is obvious when scanning through the raw geochemical data, 
different rock types have consistently different ranges of trace element contents. Median 
(background), 2.5% threshold and visual threshold values of various trace elements were 
obtained for several different lithologies including thinly interbedded mudstone/ 
sandstone, non-graphitic slate, graphitic slate, sandstone and vein quartz in order to 
define the typical trace element content of wallrocks at Bendigo. Subsequent statistical 
analysis of W M C geochemical data from diamond drill hole B D 4 (Appendix 6) has 
revealed significant variations in the trace element contents of different lithologies 
(Figure 63). 
This statistical analysis of geochemical data from BD4 allows the establishment of 
background (median) and threshold (visually and statistically determined) values for 
different rock types also, as seen in Table 9. Calculated background (median) values have 
revealed that graphitic black slate units possess relatively high background levels of Ag, 
Hg, Cu, Pb, Zn, and Fe, whereas sandstones display relatively low Cu, Pb, Zn, an d Fe 
levels. Although interesting in itself, this lithologically -controlled variation in the trace 
element content of samples is critical, in that it must be taken into account when 
attempting to determine what constitutes an anomalous trace element level. The 
significant differences seen between the statistically and visually estimated threshold 
values for certain elements results from erratic data distribution, as well as from 
significant numbers of samples displaying quite elevated levels of these elemen ts. 
Threshold values determined visually from frequency plots are more useful in that they 
de-emphasise extremely high values and are therefore more likely to represent true 
threshold values. Given the location of the drill holes within a major mineralise d 
sequence, the high threshold values ca lculated using the 2.5% level are not surprising. 
However, using this method to calculate threshold values will mean that a significant 
proportion of anomalous values will fall below the threshold level. For example, 
threshold values calculated for A s within various rock types (excluding veins) range from 
91 ppm to 380 ppm. However, visual scanning of geochemical data adjacent to many 
mineralised vein sets reveals that numerous samples have anomalous A s levels less th an 
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91 ppm. Threshold values for As calculated visually suggest levels between 20 ppm and 
60 ppm. 
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Figure 63: Cumulative frequency % and frequency plots of Cu from diamond drill hole 
BD4. The different coloured lines and curves represent different lithologies. 
221 
Table 9: Calculated background (median), and threshold (visually and statistically 
determined) values of several species for differe nt lithologies, from W M C data for 
diamond drill hole B D 4 . 
Species 
Ag median 
2.5% Thres 
Vis Thres 
As median 
2.5% Thres 
Vis Thres 
Hg median 
2.5% Thres 
Vis Thres 
Cu median 
2.5% Thres 
Vis Thres 
Pb median 
2.5% Thres 
Vis Thres 
Zn median 
2.5% Thres 
Vis Thres 
Fe median 
2.5% Thres 
Vis Thres 
Mn median 
2.5% Thres 
Vis Thres 
Interbedded 
Mud/sand 
1 
2.80 
2.50 
20 
91.00 
60.00 
20 
46.00 
40.00 
40 
90.00 
65.00 
42.5 
125.00 
120.00 
110 
320.00 
200.00 
4.3 
4.80 
6.00 
340 
920.00 
500.00 
Non-
graphitic 
Slate 
1 
2.1 
2.5 
25 
380 
80 
20 
77 
40 
45 
100 
75 
60 
100 
100 
130 
290 
200 
4.5 
5.1 
6 
340 
700.00 
500.00 
Graphitic 
Slate 
1.5 
2.70 
2.50 
12.5 
110.00 
20.00 
50 
120.00 
70.00 
100 
205.00 
130.00 
65 
120.00 
120.00 
390 
1250.00 
? 
3.85 
7.40 
6.00 
330 
660.00 
500.00 
Sandston 
e 
1 
1.75 
2.50 
15 
120.00 
50.00 
20 
60.00 
35.00 
20 
62.00 
50.00 
30 
70.00 
60.00 
70 
160.00 
130.00 
2.6 
4.10 
5.00 
300 
1050.00 
? 
Veins 
1 
2.00 
2.00 
15 
3900.00 
25.00 
35 
110.00 
50.00 
45 
130.00 
20.00 
42.5 
107 
100 
80 
430.00 
? 
2.75 
4.10 
? 
655 
2000.00 
? 
Relative High Background Values 
Relative Low Background Values 
All values given in ppm except Fe (%) 
? indicates not possible to determine graphically 
Both major and trace element geochemical data obtained in this study through analysi s of 
samples from the B D 4 sample traverse were subjected to Pearson Product -moment (after 
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log transformation) and Spearman rank-correlation. Correlation matrices were 
constructed in order to display the relationship between element pairs (Tables 10 and 1 1 ) . 
As the Pearson Product-moment correlation calculates the co -efficient on the basis of a 
pre-supposed linear relationship between variables, as well as assumptions that the units 
of measurement are equidistant for both variables, and that the variables ar e normal or 
nearly normally distributed (Rollinson, 1993 ), this type of correlation coefficient is likely 
to be less reliable for use with geochemical data when attempting to establish the 
relatedness of element pairs. Major and trace element pairs display ing significant 
correlation are highlighted in red on Table 10, whereas pairs displaying moderate 
correlation are highlighted in blue and weak correlation in green. 
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A large proportion of strong correlations between pairs of species (either negative or 
positive correlation, with correlation co-efficients approaching 1) is due to primary 
lithological variation of these species within samples. Some ofthe more obvious of these 
primary lithological relationships include the relationships between A1 20 3, Fe203, K 2 0 
and M g O (all occurring together within phyllosilicate minerals, largely micas). The 
correlation between Co and A1 20 3, K 2 0 , Fe20 3 and M g O can also be explained by the 
association of Co with iron-bearing phyllosilicate minerals. Likewise, the strong negative 
correlation between Si02 and A1203, Fe203, K 2 0 , and M g O is indicative ofthe reduction 
in the phyllosilicate content of samples as the quartz content is increased, and visa versa. 
Zinc and to a lesser extent P b also display strong positive correlation with Al
 2 0 3 , Fe203, 
K 2 0 and M g O . This also reflects the elevated Pb and Zn levels observed in finer grained 
(and hence phyllosilicate -rich) samples. 
The existence of a strong negative correlation between both K
 20 and MgO with Na20 
probably reflects a sympathetic increase in the levels of K -bearing phyllosilcates and M g -
bearing carbonate phases with the removal/destruction of N a -bearing plagioclase, as 
suspected from petrography here at Bendigo, and as has been su ggested at other central 
Victorian deposits (Arne et al., 2000). The occurrence of a strong positive correlation 
between Pb, Cu, Co and Zn probably reflects, in part, enrichment of these trace elements 
within finer grained slatey samples, as seen from stat istical analysis. This correlation also 
probably reflects some enrichment of these phases as a result of wallrock alteration. A 
strong positive correlation between M o and Sb occurs due to the existence of both of 
these trace elements within only two sample s from drill hole B D 4 , reflecting the problems 
with using the Pearson Product-moment correlation coefficient for data that are not 
normally distributed. The strong positive correlation seen between A u and As is not 
unexpected as it reflects the sympathetic enrichment of samples with respect to these 
phases adjacent to mineralised structures. 
The correlation between C02 and other phases is interesting in that there are no 
particularly strong correlations. This is somewhat surprising given the presence of qu ite 
strong carbonate alteration throughout the sequence in the Bendigo area. The strongest 
positive correlations between C O
 2 and other phases include those between C O 2 and CaO, 
As, Sb, M o , Zn and Au. A moderate negative correlation exists between C O
 2 and Cr. The 
obvious relationship between C O
 2 and C a O is related to their existence together within 
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carbonate mineral phases, whereas weak to moderate correlations between C O
 2 and As, 
Sb, M o , Z n and Au, are suggestive of enrichment of these phases within many of the 
same samples (largely adjacent to major mineralised structures). The negative correlation 
between C 0 2 and Cr reflects reductions in the Cr content of samples as minerahsation is 
approached, while the C 0 2 content of these samples closer to mineralisat ion increases. 
Moderate correlations between S and Al
 203, Fe203, K20, and MgO reflect a preference 
for the development of sulphide minerals within phyllosilicate -rich fine grained samples. 
The positive correlation between S and As, M o , Cu, Sb, C o and Pb, reflects the 
enrichment of particular samples close to mineralisation with various sulphide mineral 
phases, whereas the correlation between S and LOI also reflects the enrichment of both 
sulphides and volatiles in samples closer to major mineralised struct ures. The correlation 
between S and T i 0 2 simply reflects the elevated T i 0 2 content (largely due to rutile) 
within finer grained samples that also happen to possess generally elevated sulphide 
content relative to coarser grained samples. 
The application of the Spearman Rank Correlation involves ranking the geochemical data 
prior to calculating the co -efficient. It is calculated using the equation: 
rs=l -[ 6SD2 ] where D = difference in ranking 
n(n2-l) n = number of pairs 
The Spearman rank correlation coefficient is thought to be superior to the Pearson 
Product-moment correlation coefficient as it allows for the calculation of correlations 
between non-normally distributed data or data which in eludes outliers (Rollinson, 1993). 
Spearman rank Correlation co -efficients determined for available trace and major element 
geochemical data from diamond drill hole B D 4 proved to be very similar to the Pearson 
Product-moment correlation coefficients for these same data (Table 11). 
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However, several element pairs display significant variation between the calculated 
Spearman Rank correlation coefficient and the Pearson Product -moment correlation 
coefficient. Elements that display this variation are described by Rollinson (1993) as 
having erratic, non-normal and non-lognormal distributions. This suggests that the 
relationship between these species cannot be attributed in any part to the primary 
composition of the samples. El ements that consistently display such variations between 
the calculated correlation coefficient include Au, As, Sb, M o and, to a lesser extent, C O 
and S. The erratic distribution of these species is not surprising, given the fact that these 
species in particular are thought to have been introduced with hydrothermal ore fluids. 
Hence their distribution would be more erratic and less dependent on the primary 
lithological composition ofthe host rock. 
Log-ratio variances were calculated for BD4 traverse data by first determining the log-
ratio for geochemical data pairs in each sample. Subsequently, the statistical variance 
contained within the log-ratio data was calculated. Estimates of variance ofthe log -ratio 
data were calculated using the equation: 
!_rx2 - (Ix)2 where: n = number of data points 
n(n-1) x = log-ratio values 
The resultant log-ratio variance data was compiled to produce a variation matrix (Table 
12). This variation matrix provides another tool that allows a measure of the relative 
variation of each species pair, and hence helps to further identify relationships between 
pairs of data. A s seen from the variation matrix, consistently significantly high log -ratio 
variance is seen from several species, includi ng As, M o , Au, C 0 2 and S, with inconsistent 
elevated log-ratio variance associated with Sb, Cu, C a O and Zn. The trends identified 
from log-ratio variance data reflect those seen in data showing the difference between 
Spearman Rank and Pearson Product-moment correlation. Again, species identified as 
having high log-ratio variance display significantly erratic distributions with respect to 
other elements. This suggests that, as opposed to occurring distributed throughout the 
sequence in association with other species as a result of sedimentary or metamorphic 
processes, these species displaying high log-ratio variance are likely to have been 
introduced during the infiltration of hydrothermal fluids through the sequence. 
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The covariance has also been calculated for both major and trace element data from the 
B D 4 sample traverse. In establishing covariance, log rati os were created for each species 
against a c o m m o n divisor, the choice of which does not affect the structure of the 
covariance matrix produced. In this case Al
 2 0 3 was chosen as the common divisor, with 
covariance estimating the average of the products of deviations for each particular data 
pair. The resultant covariance matrix (Table 13) allows a discrimination ofthe degree to 
which species pairs vary together. 
The covariance matrix reveals strong associations between various element pairs. 
Relationships observed include those which can be clearly attributed to primary 
lithological associations, as well as those thought to be hydrothermal in origin. High 
positive values within the covariance matrix indicate strong association between 
elements, and may also reflect co-existence of these species within the same mineral. The 
high covariance between N a
 2 0 and C a O most likely reflects the co -existence of Ca and 
Na within detrital plagioclase, whereas the high covariance observed between SiO
 2, CaO, 
and N a 2 0 reflects sympathetic increases in quartz and plagioclase contents in coarser 
grained samples. Significant elevated covariance exists between As, and Sb, M o , Au, 
C0 2, and S. These species are thought to display strong covariance as a result of having 
been introduced together into wallrock sediments from permeating hydrothermal fluids. 
Other significant positive covariance values include those between CO
 2 and MnO, S and 
Cu, A u and K 2 0 , LOI and As, P 2 0 5 and CaO, M n O and CaO, as well as N a 2 0 and M n O . 
Elevated positive covariance between C 0 2 and M n O , as well as between C a O and M n O , 
relates to their co-existence within carbonate phases throughout the sequence. Sulphur 
and copper return elevated covariance as a result of the reliance of C u on S to form 
chalcopyrite, whereas N a 2 0 and M n O possess elevated covariance, probably as a result of 
the simultaneous destruction of albite and development of hydrothermal M n -bearing 
carbonate, particularly within samples adjacent to mineralised structures. Elevated 
covariance between A u and K 2 0 is most likely a reflection of both elevated gold contents, 
as well the development of potassic alteration within samples adjacent to mineralised 
structures. Likewise, significant covariance between LOI and As reflects both elevated As 
content, and elevated volatile content in samples closer to mineralised structures. 
Significant covariance between P 2 0 5 and C a O is most likely the result of the 
simultaneous occurrence of these species within samples containing apatite. 
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Chapter 9: Mass Transfer Calculations 
Mass transfer calculations have been undertaken in an attempt to quantify the nature and 
extent of movement of certain species as a result ofthe infiltration of hydrothermal fluids. 
Raw geochemical data, although use ful, are somewhat misleading due to the constant sum 
problem, which in broad terms, describes the problems faced in dealing with geochemical 
data resulting from all components having to add up to 100%. The constant sum problem 
results in large changes in the levels of minor components, with significant changes in the 
major element content. Changes in the quartz (SiO
 2) content from sample to sample, for 
example, results in significant changes in the trace element content of samples. 
Geochemical trends identi fied from raw data, and described with respect to distance from 
mineralised structures, are also subject to the constraints of the constant sum problem. 
The presentation of mass transfer data as % gain/loss of certain elements is another tool to 
describe the movement of trace and major elements within the hydrothermal system. In 
many ways, this is more useful than the raw geochemical data. 
9.1 Introduction 
To counter the constant sum problem, geochemical data are normalised to a suitable 
immobile element. Mass transfer modelling is undertaken to allow a determination as to 
whether there has been net gain or loss of material from wallrocks adjacent to major 
mineralised structures as a result of wallrock alteration, and which elements or mineral 
phases have been added or removed. 
The basic equation used in determining mass balance takes the form: 
Mass Balance = Z Final Mass - Z Initial Mass 
Z Initial Mass 
The first step undertaken in mass transfer calculations is to determine the immobile 
elements best suited for use in the particular geological context. Some elements 
commonly used as immobile elements in such mass transfer calculations include Al
 2 0 3 , 
Ti02, Zr and the Rare Earth Elements (REEs). O f these, only TiO 2 and A 1 2 0 3 data are 
available for the Bendigo samples and, as the Al
 2 0 3 content of samples is highly variable 
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due to primary lithological variation, T i 0 2 was deemed the most suitable immobile 
element for use in mass transfer calculations. These have been undertaken using a 
modified Gresens approach as outlined in Gresens (1967) and Leitch and Lentz (1994), 
assuming constant Ti02. Both constant A1 2 0 3 and Ti0 2 were trialled as immobile 
elements, with Ti0 2 producing the more reliable results due probably to the high 
lithological variability of the aluminosilicate content of samples. 
Using the Gresens approach on raw geochemical data, the change in vol ume of a given 
element between two samples is given by the equation: 
ocV= lOOtfvCdWd^'-E*] 
Where V = ocVolume change for element 
fy = Volume factor 
d1' = Density of altered sample 
d1 = Density of unaltered sample 
E1' = Element content, altered sample 
E' = Element content unaltered sample 
In order to attempt mass balance calculations, the volume factor (F
 v), which is a measure 
of the relative change in volume given as a ratio of the volume of the altered sample 
against the unaltered or parent sample, must be estimated. Estimating F
 v also allows an 
estimate of which element is best suited to use as the immobile ele ment in mass balance 
calculations. F v is estimated by plotting lines of different F v against apparent 
concentration changes for each element from two samples. The resultant plot, known as a 
composition-volume plot, reveals the F v for the altered sample by the intersection on the 
immobile element plot as it intersects the zero concentration change axis (Leitch and 
Lentz, 1994). W h e n Fv is equal 1 for a given altered sample relative to its unaltered 
parent, there has been no loss or gain in volume, whereas Fv values greater than 1 
indicate volume gain, and values less than 1 indicate volume loss (Gresens, 1967). 
Density contrasts between altered and unaltered samples are important in determining 
mass balance within an alteration system. Failure to take into a ccount contrasts in density 
or using inaccurate density data can result in significant errors in the calculated volume 
gain or loss (Leitch and Lentz, 1994). The density of samples from both the B D 4 and 
Central Deborah traverses for which major and trace e lement geochemical data were 
available, were obtained independently using two separate techniques. Initially, densities 
were obtained using the method outlined for determining soil particle density in A S 
1289.C5.1-1977. Sample powders returned after geochemical analysis of samples were 
subjected to crushing in a ring grinder before being dried and subjected to density 
analysis. O n e advantage of this approach is that the sample is entirely saturated during the 
analysis. Densities determined for samples from these traverses via the soil particle 
density method can be seen in Appendix 7. 
Subsequently, the densities of several samples were determined using a 
saturation/buoyancy technique, as outlined by the Internati onal Society for Rock 
Mechanics Commission on Standardisation of Laboratory and Field Tests (1972). 
Densities determined for these samples via the saturation/buoyancy technique can also be 
seen in Appendix 7. 
Density values obtained ranged from 2.42 g/cm3 for strongly a oxidised sandstone, to 2.90 
g/cm for a lamprophyre dyke sample. The majority of samples returned density values of 
between 2.6 and 2.8 g/cm3, with density data obtained using the two techniques outlined 
above correlating well. Density data from the two different techniques displayed a 
variation of between 0.01 and 0.06g/cm3. It appears from these data that there is very 
little, if any, difference in density between the most altered and the unaltered samples 
taken. This suggests that density differences have not affected subsequent mas s transfer 
calculations significantly. 
As outlined previously, the generation of composition -volume plots (Appendix 8) allows 
an estimate of the volume loss/gain for each sample relative to a background unaltered 
sample, as well as a comparison ofthe m o b ility, or lack thereof, of a number of elements. 
In constructing these plots, individual samples are compared to one another on the basis 
of lithology. Comparing samples of different lithology would certainly produce changes 
in volume, but this would merel y reflect the primary lithological difference s. 
Data presented in Appendix 8 show a summary of calculated volume factor data obtained 
from composition volume plots for both slate and sandstone samples. Plots showing the 
distribution of volume gain/loss (Fv) data with respect to distance from major mineralised 
structure, reveal some interesting trends (Figures 64 and 65). The distribution of volume 
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gain/ loss data from slate samples (Figure 65) reveals significant volume gains for 
samples between 15 and 80 m from mineralisation, with several samples within 15 m of 
mineralisation displaying erratic, reduced net volume contents. Likewise, samples further 
than 80 m from mineralisation display close to constant volume, or slight volume loss. 
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Figure 64: Volume gain/loss (as Ff) in sandstones, plotted against distance to major 
mineralised structure. Plots assuming both constant Al
 203 and constant Ti02 are given. 
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mineralised structure. Plots assuming both constant Al
 203 and constant TiQ2 are given. 
Volume gain/loss data for sandstone samples are somewhat more erratic than that seen 
from slate samples, although a similar trend is evident. Volume factor data from 
sandstone samples reveal significant volume gain in samples between 50 and 10 metres of 
mineralisation, whereas samples within 10 metres of mineralisation display significant 
volume loss. Volume factor data collected assuming constant TiO
 2 appears somewhat 
more erratic within sandstone samples, probably as a result of the highly variable and 
minor rutile content of coarser grained samples. 
Significant loss of material, as evidenced from F
 v levels below 1, within samples closer to 
mineralisation is clear. Likewise, a similar gain in material from both fine and coarser 
grained samples occurs further from mineralisation, before constant volume conditions 
again prevail in samples further still from mineralisation. The gain in material observed in 
samples between 10 and 50 m from mineralisation in sandstones, and between 15 and 80 
m in slates may reflect the effects of hydrothermal fluids chemically altering wallrock 
sediments closer to major mineralised hydrothermal fluid pathways resulting in a net 
reduction in volume, whereas these same fluids moving further from these structures 
chemically altered the wallrocks, resulting in the addition of mineral phases. 
Ti02 was selected as the most appropriated immobile element for use in calculating the 
volume gain/loss ofthe range of elements analysed on the basis ofthe behaviour of both 
Ti02 and A1 2 0 3 in the samples, as determined from the composition volume plots. 
Although both the T i 0 2 and A 1 2 0 3 content from different samples will vary with 
lithological changes, these changes are assessed to be less significant for TiO
 2 than for 
A1203. 
9.2 Mass transfer using geochemical data 
Application of the Gresens approach to mass transfer for all samples analysed in this 
study including those from drill holes B D 4 , BD4005, BD4007, BD4015, BD4017, as well 
as those from Central Deborah have resulted in the production of a series of gain/loss 
plots for each element, with gain/loss plotted against distance to mineralisation as seen in 
Figure 66. Separate plots for both sandstone and slate samples have been created to assist 
in comparing the effects of wallrock alteration upon different lithologies. 
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Figure 66 (previous pages): Gain/loss plots for a range of major and trace elements 
from Bendigo plotted against distance to mineralised structure. 
Significant gains in A1203 of up to 45% from sandstone samples are observed directly 
adjacent to mineralisation, whereas between 5 and 43 m from mineralisation, samples 
show more erratic gain/loss distribution, with a net loss of as much as 3 0 % Al
 2 0 3 . 
Sandstone samples between 50 and 190 m from mineralis ation display relatively constant 
AI2O3 gains of around 2 0 % . It must be remembered that these values are relative to the 
selected unaltered sample, hence they are not absolute but relative, and hence, the samples 
further than 50 m from mineralisation proba bly represent little or no net gain or loss of 
AI2O3. The distribution of gain/loss data from slate samples suggests significant loss of 
AI2O3, between 5 and 25 m distant from mineralisation of up to 25 %, with samples further 
from mineralisation displayin g no net loss or gain of Al 2O3. 
Data reflecting gain/loss patterns of CaO within both slate and sandstone samples indicates 
the presence of numerous samples which have gained significant quantities of C a O with 
respect to the unaltered background sample. Significant gains of C a O within slate samples 
can be seen to occur within two samples in particular, both within 60 m of mineralisation. 
Sandstone samples however, reveal significant gains of C a O up to 3 9 1 7 % distributed more 
randomly with respect to distance from mineralisation. This extraordinary gain of C a O is 
not unexpected given the large quantities of calcium -bearing carbonate phases throughout 
the sequence. The observed difference in the location of significant C a O gains between 
slate and sandstone samples m a y reflect differences in permeability, whereby more 
permeable sandstone units permit the movement of hydrothermal tl uids resulting in more 
sporadic CaO, and hence carbonate phase distribution throughout the sequence. 
Sandstone samples directly adjacent to mineralisation also display significant gains in 
Fe203 of up to 9 0 % . These significant gains do not extend more than a couple of metres 
from mineralisation, with samples further from mineralisation displaying more erratic 
Fe203 gain/loss patterns. Also, given the relative nature ofthe data, there may also be a 
significant loss of up to 2 5 % F e 2 0 3 from samples between 5 and 40 m from mineralisation. 
Slate samples on the other hand do not display any significant gain in Fe
 2 0 3 , with samples 
between 5 and 25 m from mineralisation displaying the loss of up to 2 5 % Fe
 2 0 3 . 
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Significant K 2 0 gains of up to 1 2 5 % are observed from sandstone samples directly 
adjacent to mineralisation, whereas samples between 5 and 50 m distant from 
mineralisation display the loss of up to 2 0 % K 2 0 . Samples further than 50 m from 
mineralisation, display relatively constant moderate gains in K
 2 0 , although this again is 
probably reflective of no net gain/loss of K
 2 0 as a result of the comparative nature of the 
data. Again, slate samples between 5 and 20 m from mineralisation display significant 
losses of K 2 0 , with individual samples displaying losses of up to 2 8 % . The bulk of slate 
samples further from mineralisation display relatively constant minor losses of K
 2 0 
relative to the unaltered sample (<10%). 
The distribution of MgO within sandstone samples, as indicated from gain/loss patterns, is 
somewhat sporadic, as seen for C a O and Fe203. Significant gains of M g O of up to 8 0 % 
occur within samples directly adjacent to mineralisation , with M g O gains of between 30 
and 7 0 % occurring erratically further from mineralisation. Such a distribution of M g O 
gains is most likely reflective of the pervasive infiltration of hydrothermal fluids further 
from major structures within permeable sandsto ne units. The M g O distribution in slate 
samples mimics the distribution of Fe203 within these same samples. This reflects the co -
existence of these elements within hydrothermal carbonate phases. After modest gains of 
M g O within slate samples closest to mineralisation, M g O loss of up to 2 2 % is observed 
from samples between 2 and 20 m from mineralisation. Samples further from 
mineralisation display relatively constant very weak M g O losses. 
The distribution of MnO within sandstones shows large gains of MnO wi thin several 
samples. This reflects the erratic occurrence of M n -rich carbonates, and displays no real 
relationship with respect to proximity to major mineralised structures. Gain/loss patterns 
for M n O within slate samples similarly reflect only isolated M n O gains with the bulk of 
samples displaying little or no net gain/loss. Slate samples with elevated M n O gains occur 
at 11 and 64 m from mineralisation. The distribution of M n O , as well as the lack of any 
real relationship with respect to distance from min eralisation, suggests that M n O was not 
heavily involved in the wallrock alteration process. A s mentioned previously, M n -rich 
carbonate samples are likely to represent sedimentary or diagenetic carbonate occurrences, 
as seen within both sandstone and slate samples throughout the sequence. 
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Distribution of gain/loss patterns within sandstone samples is suggestive of significant loss 
of N a 2 0 from samples within 20 m of mineralisation, with samples directly adjacent to 
mineralisation displaying reductions of up to 55%. Moderate N a 2 0 gains are seen then to 
occur within sandstone samples between 20 and 40 metres from mineralisation. Significant 
loss of N a 2 0 relative to the background unaltered sample is also seen to occur within 2 
samples in particular. Interestingly, it is these two same samples that also display 
significant gains in M n O , P 2 0 5 , CaO, and C 0 2 . Thus, samples with significantly elevated 
carbonate content also possess reduced N a
 2 0 levels. This coincident occurrence of gains in 
several species with the loss of N a 2 0 probably reflects the destruction of sodic plagioclase 
by carbonate-rich hydrothermal fluids and replacement with various Ca -Fe-Mn-Mg 
carbonate phases. 
Gain/loss patterns for slate samples indicate relatively stable gain/loss for Na 2O within 
samples further than 25 m from mineralisation. Although there are significant losses of 
N a 2 0 of up to 4 0 % from several samples within 20 m from mineralisation, one sample 
located around 14 m from mineralisation displays a significant N a 2O gain of 120%. This 
same sample also revealed significant C a O and M n O gains, indicating enrichment in M n 
carbonate. In addition, elevated SiO 2 gains within this sample suggest it is somewhat 
quartz-rich. This sample, as revealed from petrography, is somewhat coarser grai ned than 
other slates, and is probably closer in composition and texture to an argillaceous siltstone. 
This would also explain the elevated carbonate content, as a result of increased 
permeability. 
Significant P2O5 losses indicated from gain/loss data for sandstones are reflective of high 
levels of P 2 0 5 within the background sample chosen. Not withstanding this, gains of P 2 O s 
are indicated for sandstone samples within 40 m of mineralisation, as well for samples 
around 118 m from mineralisation. The gains o f P 2 0 5 indicated further from mineralisation 
are probably reflective of increased organic content, coincident with elevated sedimentary 
carbonate content. Slate samples reveal loss of up to 2 0 % P
 2 0 5 within 7 m of 
mineralisation, whereas samples between 10 and 45 m from mineralisation reveal weak to 
moderate gains in P2Os. 
The gain/loss patterns for Si02 within both slate and sandstone samples are difficult to 
interpret, largely as a result of the inherent lithological variation in the quartz content of 
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samples. Significant losses of Si0 2 appear to occur within samples closer than 17 m from 
mineralisation, whereas Si0 2 gain/loss patterns further from mineralisation are more 
erratic. Both significant losses and gains of up to 4 0 % SiO
 2 are seen from slate samples 
within 20 m from mineralisation. The distribution of SiO
 2 gain/loss data is erratic within 
this zone. Samples between 20 and 80 m from mineralisation display moderate gains of 
Si02 between 10 and 2 7 % , which decrease gradually from a peak of 2 7 % at arou nd 40 
metres from mineralisation, to background levels of no significant gain or loss, at around 
150-160 m from mineralisation. It m a y be that part ofthe significant volume of SiO
 2 being 
removed from wallrock sediments within 20 m of major mineralised ant iclinal dilational 
structures has been remobilised, and resulted in the addition of SiO
 2 to wallrock sediments 
further from these structures. 
The distribution of gain/loss data for TiO
 2 within sandstone samples is quite constant as 
expected (Ti02 being used as the immobile element in gain/loss calculations) with minor 
variation (1-4%) attributable to significant lithological variation in the detrital rutile 
content of samples. Several slate samples within 20 m of mineralisation display minor 
Ti02 gains (<1.5%), whereas samples further from these structures display no significant 
gain/loss of Ti02. The occurrence of minor gains of TiO 2 within slate samples is also 
reflected in the occurrence o f rutile-bearing quartz porphyroblasts, the bulk of which, are 
concentrated within slate samples closer to mineralisation. 
LOI, as described previously, represents the total volatile content of each sample, including 
C 0 2 and H 2 0 . Sandstone samples analysed, reveal erratic, yet significant gains in the 
L O I % within 70 m of mineralisation, whereas most samples further from mineralisation 
display no significant gain or loss in L O I % with respect to the background unaltered 
sample. The obvious exception to this is seen some 118 m from mineralisation, in sample 
BD4015W1-172 m . It was seen from petrographic analysis to contain significant matrix 
calcite, which explains the gain of LOI relative to the background sample. The distribution 
of L O I data from slate samples reveals significant gains of up to 6 0 % LOI in samples 
directly adjacent to major mineralised structures, whereas samples further than 40 m from 
mineralisation display no significant gain or loss of volatiles. 
As mentioned previously, the introduction of significant quantities of CO
 2-rich 
hydrothermal fluids into wallrock sediments is thought to result in characteristic alteration 
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signatures, as seen throughout the turbidite hosted gold deposits of central Victoria and 
elsewhere. A s expected, significant C O
 2 gains are observed within both sandstone and slate 
samples from Bendigo. The distribution of C 0 2 gains within sandstone samples is 
somewhat erratic with respect to distance from mineralisation, with gains of up to 97 0 0 % 
occurring up to 118 m from mineralisation. The bulk of sandstone samples returning 
significant gains of C 0 2 occur within 60 m of mineralisation. Likewise, significant gains in 
C 0 2 are recorded from slate samples within 60 m of major mineralised structures. Samples 
closest to mineralisation return the highest gains of over 11 0 0 % compared to the 
background unaltered sample. 
Significant gains in the sulphur content of sandstone samples appear to be restricted to 
within 20 m of major anticlinal mineralised zones. One carbonate -rich sandstone sample 
some 118 m from mineralisation also revealed gains in S of around 200%. The highest 
gains of sulphur occur within sandstone samples directly adjacent to mineralisation, where 
gains of just over 8 0 0 % are seen to occur. Similarly, slate samples reveal significant gains 
in S within 25 m of mineralisation. Gains in the S content of just under 8 0 0 % are seen 
within samples closest to mineralisation, with samples further than 40 m from 
mineralisation returning no significant gain or loss of S. 
Sandstone samples reveal significant gains in As content as mineralisation is approached, 
with gains generally increasing in size as the distance to mineralisation decreases. Samples 
within 40 m of mineralisation display distinct significant gains in As, whereas samples 
between 40 and 70 m from these mineralised structures displa y weak to moderate gains. 
These gains vary from sample to sample, but reach over 1500% directly adjacent to major 
mineralised structures. Likewise, sandstone samples furthest from mineralisation display 
slight gains in As, probably reflecting the infiltrat ion of lesser amounts of mineralised 
hydrothermal fluids along synclinal traces. Gain/loss patterns displayed by slate samples 
indicate significant gains in A s within 50 m of major mineralised structures. Samples 
within 5 m of mineralisation display gains of up to 10,000% As, whereas samples between 
5 and 50 m display gains of between 300 and 7 0 0 % As. Slate samples further than 50 m 
from mineralisation display no significant gain or loss of A s with respect to the 
background sample. 
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The distribution of gain/loss data for Cu, Co and Pb within sandstone samples with respect 
to distance from mineralisation displays a number of similarities. Each of these trace 
elements displays significant gains within 20 m of mineralisation, as well as erratic gains 
distributed throughout the sequence. Particular samples reveal gains of all three elements. 
Copper gains of up to 2 0 0 % are observed within sandstone samples closer than 20 m from 
mineralisation, whereas gains of 8 0 % Co occur within 15 m. Lead displays 1 0 0 % gain 
from samples directly adjacent to mineralisation, with lesser gains (<50%) occurring 
further from mineralised zones. Copper levels from slate samples within 3 m of 
mineralised vein systems display gains of up to 4 0 % , whereas samples between 3 and 40 m 
from mineralisation display losses of over 50%. Other than a single sample located some 
60 m from mineralisation, the rest of the slate samples reveal relatively static C u levels. 
Slate samples also display moderate gains in Co levels adjacent to mineralisation. Samples 
from between 3 and 20 m from mineralisation display weak losses, whereas samples 
further from mineralised structures display no significant gains or losses of Co. Likewise, 
Pb levels within slate samples are indicative of moderate gains directly adjacent to 
mineralisation, whereas samples between 3 and 20 m distant display similar losses of Pb of 
around 5 0 % . Further from mineralisation, samples display constant levels, with no 
obvious gain or loss of Pb. 
Gain/loss data for Zn within sandstone samp les is very similar to that seen for Co, with 
apparent gains within 25 m of mineralisation, as well as significant gains distributed 
throughout the sequence. Gains of Zn within sandstone samples vary between 0 % and 7 5 % 
and are quite erratic. Slate samples display obvious gains of up to 7 5 % Zn restricted to 
samples within 30 m of mineralisation. Samples further and 30 m from mineralisation 
display no significant gain or loss of Zn. A single sample around 5 m from mineralisation 
returned a loss of around 3 0 % Zn compared with the unaltered background sample. 
Gains of up to 40,000% Au were observed from sandstone samples within 20 m of 
mineralisation, with samples further out displaying no significant gain or loss. Likewise, 
slate samples within 15 m of mineralisation reveal gains of over 7500%, whereas samples 
further from mineralised structures display no significant gain or loss of Au. 
Gains of Sb were also recorded from sandstone samples. Notably, samples returning gains 
(up to 120,000%) were within 20 m o f mineralisation, with the most significant gain 
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occurring directly adjacent to mineralisation. Lack of data above the relevant detection 
limits prevent the determination of the gain/loss patterns for other trace elements, in 
particular Sb within slate samples, and M o within both slate and sandstone samples. 
The use of mass transfer calculations on samples from Bendigo is fraught with problems 
due to the inherent lithological variation. All examples of mass transfer calculations 
encountered in the literature have been conducted on relatively homogeneous igneous 
rocks. Small lithological variations not discernible in thin section will no doubt create 
somewhat spurious gain/loss values, not to mention the effect that small variations in the 
selected immobile element (Ti02) will have. Nonetheless, identified gain/loss trends 
identified using the modified Gresens approach represent a more realistic picture of the 
behaviour of the various geochemical species than identified through the trends of raw 
geochemical data. S o m e ofthe crucial, more distinct trends include the gain o f K
 2 0 , M g O , 
Cu, Pb, A u, Sb, LOI, C O 2 , S and As, and corresponding losses of SiO
 2 and N a 2 0 adjacent 
to mineralisation. Results from mass transfer calculation s have also revealed that fine -
grained lithologies return the least erratic and most reliable geochemical trends, as well as 
better highlighting anomalous signatures where present. Often the response of individu al 
major element phases adjacent to mineralisation was also reflected to a lesse r extent in the 
sample furthest from mineralisation, suggesting that, although hydrothermal fluids 
preferentially travel led up the axis of anticlinal fold hinges, they were also focused in the 
vicinity of synclinal fold axes. 
9.3 Mass Transfer Calculations from Quantitative XRD data. 
Mass transfer calculations have also been undertaken in an attempt to quantify the nature 
and extent of movement and distribution of different minerals as a result ofthe infiltration 
of hydrothermal fluids. To this end, mass transfer calculations as described in section 9.1 
have been applied to the quantitative X R D data from the samples. A s with raw 
geochemical data, quantitative X R D data are somewhat misleading due to the constant sum 
problem. The presentation of mass transfer data as % gain/loss of certain mineral phases is 
another tool to describe the effects of hydrothermal alteration on wallrocks within the 
hydrothermal system. A s with the application of mass transfer calculations to geochemical, 
data, the use of quantitative X R D data requires the normalisation of data to a suitable 
immobile species. Again, Ti02, as rutile, was chosen as the most suitable immobile 
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species, as outlined previously. Gain/loss plots produced from quantitative X R D data are 
given in Appendix 9 and reveal significant mineralogical trends that further illustrate and 
are supportive of trends suggested from geochemical data. Significant gains in albite are 
observed from slate samples between 7 and 100 m from mineralisation, whereas a single 
sample some 3 m from mineralisation displays an 8 0 % loss of albite. Interestingly, the bulk 
of sandstone samples within 17 m of mineralisation also display the loss of up to 5 0 % 
albite. These trends are suggestive of the removal of albite from wallrock sediments 
directly adjacent to mineralised structures, and the addition of albite to wallrock sediments, 
particularly finer grained sediments, further from mineralisation. 
Gain/loss data also indicate significant gains of ankerite in both slate and sandstone 
samples. These gains are largely restricted to within 70 m of mineralisation, with ankerite 
gains within sandstone samples increasing erratically yet steadily from moderate gains 
directly adjacent to mineralisation to almost 5 0 0 0 % 40 m from mineralisation. Anker ite 
gains within slate samples appear to be restricted to more discrete intervals within 70 m of 
mineralisation. 
Calcite gain/loss data from quantitative XRD data of sandstone samples reveal 
significantly erratic distribution, with samples more than 80 m from mineralisation 
possessing more qalcite relative to the background sample chosen. This highlights the 
erratic distribution of calcite within sandstone sample. Slate samples display erratic 
gain/loss patterns within 20 m of mineralisation, varying from minor gains to moderate 
losses, whereas a single sample some 70 m from mineralisation displays a gain of over 
6 0 % calcite. It m a y be that the indicated calcite gains further from mineralisation represent 
closer to background values, whereas samples within 70 m of mineralisation have lost 
significant calcite during hydrothermal alteration, which has subsequently seen C O
 2 
incorporated into other carbonate phases, including ankerite and siderite. 
Slate samples display significant chlorite loss within 30 m of mineralisation, with samples 
losing up to 9 6 % chlorite adjacent to mineralisation. Sandstone samples, however, display 
significant chlorite gain within 7 m of mineralisation, whereas sandstone samples further 
from mineralisation display quite erratic gain /loss patterns. 
Muscovite gain/loss plots for slate samples indicate weak gains within 5 m of 
mineralisation, whereas samples from between 7 and 40 m from mineralisation display 
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significant loss of up to 3 0 % muscovite. Sandstone samples display significa ntly erratic 
muscovite gain/loss patterns, with moderate gains suggested from the bulk of samples 
within 5 m of mineralisation. The observed muscovite gains in both slate and sandstone 
samples directly adjacent to mineralised structures is probably the res ult ofthe removal of 
significant quantities of quartz from these same samples. 
Primary lithological variation in the quartz content of sandstone samples makes 
interpreting gain/loss patterns somewhat problematic. Even so, it seems that samples 
within 5 m of mineralisation display the loss of up to 4 0 % quartz. Slate samples display 
erratic quartz gain/loss patterns within 15 m of mineralisation, with sample 15 and 60 m 
from mineralisation displaying significant quartz gains, of up to 170%. 
Slate samples display significant gains of pyrite within 10 m of mineralisation, whereas 
samples further from mineralisation display little or no gain or loss of pyrite relative to the 
background sample. The distribution of pyrite within sandstone samples is difficult to 
interpret due to its erratic distribution. Significant gains and losses seem to occur 
distributed throughout the samples with no real relationship to distance from 
mineralisation. 
Having been identified as a significant hydrothermal phase, the gain/loss patterns of 
siderite are of considerable interest. Slate samples reveal significant gains of siderite within 
25 m of mineralisation, with samples further from mineralised structures displaying no 
significant gain/loss of siderite. Sandstone samples likewis e display significant gains of 
siderite, largely within 10 m of mineralisation, but also between 25 and 80 m from 
mineralisation. 
Mass transfer analysis of quantitative XRD data has identified several mineral phases that 
display significant gains and/or losses as major mineralised structures are approached. 
Siderite and chlorite seem to display diagnostic trends adjacent to these mineralised 
structures, whereas albite, ankerite and, to a lesser extent, pyrite also display significant 
gain/loss trends with respect to distance from mineralisation. The lack of reliable 
arsenopyrite X R D data, as described previously, precludes determining any gain/loss 
trends, although it can be inferred from geochemistry that significant arsenopyrite gains 
would also occur in wallrock sediments adjacent to mineralisation. 
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Chapter 10: Stable Isotope Geochemistry 
Stable Isotope analysis was undertaken in order to further investigate the physical and 
chemical changes that resulted from the passage of auriferous hydrothermal fluids 
through the wallrock sediments ofthe Bendigo goldfield. Stable isotope analysis was also 
undertaken in order to evaluate whether a characteristic isotopic signature exists in 
proximity of auriferous structures as a result ofthe migration of auriferous hyd rothermal 
fluids through the wallrock sediments. The distribution of stable isotope data should also 
enable an estimate of fluid-rock ratios during hydrothermal alteration for different parts of 
the alteration system. The identification of any distinct isotopic haloes in wallrock 
sediments surrounding major mineralised structures could prove useful in the exploration 
for major mineralised structures in the Bendigo goldfield. 
Fifty-one stable isotope measurements were obtained from a total of 22 samples at 
varying distances from major mineralised str uctures. Of these samples, 12 were slate, 5 
were sandstone and one a cone -in-cone carbonate. Isotope data obtained includes oxygen, 
carbon and sulphur isotopes (Appendix 10). 
10.1 Methodology 
The following description of analytical methods was taken dire ctly from Arne et al. 
(2000). 
Stable isotope ratios for O and C were measured at Monash University on a Finnigan 
M A T 252 mass spectrometer. Oxygen isotope ratios of silicates were analysed following 
Clayton & Mayeda (1963) but using C1F
 3 as the oxidising reagent. Calcite was removed 
from silicate samples prior to analysis by dissolution in weak HC1. C O
 2 was extracted 
from carbonate minerals by reaction of mixed carbonate -silicate powders with H3PO4 at 
25 °C for 12-18 hours in sealed vessels (McCrea, 1950). Carbonate results were corrected 
for fractionation at 50°C using the following factors: calcite - 9.24, siderite - 10.41; 
ankerite (ferroan dolomite) - 10.51; dolomite - 10.34. A s most whole-rock samples 
contained a mixture of different carbonate minera Is, the corrections were weighted using 
the quantitative X R D results.05180 and 513C values are expressed relative to V - S M O W 
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and V - P D B respectively. The long term average 8180 value of N B S 28 at Monash is 
9.58±0.12%o. Internal calcite standard I S A C C yielded 6I3C = -6.32±0.08%o and 8180 = 
12.60±0.1 l%o (n = 27). This standard was calibrated using I A E A -CO-1 and its long term 
average 8,3C and 5180 values are -6.37±0.06%o and 12.68±0.13%o. 
Sulphur isotopes were determined on sulphide separates and disseminated sul phides by 
conventional and laser ablation mass spectrometry, respectively, at the University of 
Tasmania. Analytical precision is estimated as 0.1 per mil for both techniques. All values 
are reported relative to the standard C D T . A detailed description of the laser ablation 
technique for sulphur isotope analyses, as employed at the University of Tasmania, is 
provided by Huston et al. (1992). The technique requires the preparation of doubly 
polished "thick sections", similar to those employed for fluid inclu sion analyses. Analyses 
were undertaken on a Quantronix model 117 N d . Y A G laser. The chief advantage of the 
technique is that sulphide grains as small as 200 p m in diam eter may be analysed. In this 
way, disseminated sulphide grains of uncertain genesis in t he vicinity of gold deposits 
may be analysed isotopically to ascertain their genesis. 
10.2 Oxygen isotopes 
Oxygen isotope analysis was undertaken on 16 whole-rock samples, including both slate 
and sandstone wallrock samples, as well as from 4 quartz-carbonate veins. These were 
taken from a range of positions within the mineralised sequence, ranging from adjacent to 
mineralisation, to over 190 m from mineralisation. Oxygen isotope analysis was 
undertaken on both silicate and carbonate phases, the results o f which will be discussed 
separately. 5 1 8 0 values from silicate phases within sandstone samples range from 13.4 to 
14 per mil, whereas slate samples display values between 10.2 and 12.9 per mil, with the 
bulk of slate samples display 8 1 8 0 values clustering between 11 and 12 per mil, as seen 
in Figure 67. The erratic distribution of oxygen isotope data calculated from silicate 
phases relative to distance from mineralization, coupled with the distinct signatures 
returned from coarse and fine grained wallroc k sediments is suggestive of insignificant 
isotopic resetting of silicate phases. 
14.00 
cu 
O 
13.00 -
B 
| 
.£ 12.00 _$ 
O 
oo 
11.00 -
10.00 
0.00 
«* 
/ 
/ 
# <? 
# 
/ 
<gp 
_ r • r
" T r r 
40.00 80.00 120.00 160.00 
Distance to Mineralisation (m) 
"~1 
200.00 
:18 Figure 67: Distribution of 8 O data obtained from silicate phases in whole-rock wallrock 
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Oxygen isotope data extracted from carbonate phases in both slate and sandstone 
wallrock samples ranges from 10.6 to 20.8 per mil (Figure 68). Oxygen isotope values are 
relatively consistent furthest from mineralisation, with samples more than 70 m from 
mineralisation having 8lsO values between 15 and 16 per mil. Samples within 20 m of 
mineralisation display significantly erratic 8,80 values, suggesting significant resetting of 
the oxygen isotope signature of carbonate phases within 20 metres of mineralisation. 
Interestingly, 8lsO values from samples closer to mineralisation were inconsistent in that 
samples displayed values both below and above those seen from samples further from 
mineralisation. 
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Figure 68: Distribution of 8180 data from carbonate phases in whole-rock wallrock 
samples, with respect to distance from mineralised structures. 
The oxygen isotope data from the samples falls within the range for sedimentary and 
metamorphic rocks, as outlined by Hoefs (1987). This suggests that any isotopic resetting 
of oxygen isotopes is likely to have resulted from the migration of either sediment -
derived or metamorphic fluids. The absence of significant isotopic resetting more that 20 
m from mineralisation suggests that the bulk of hydrothermal f luid migration occurred 
within 20 metres of major mineralised structures. The observed difference between the 
oxygen isotope signatures returned from the carbonate, as opposed to the silicate phases, 
most likely represents the introduction of isotopically unique oxygen within C02-rich 
hydrothermal fluids, which in turn resulted in the deposition of carbonate mineral phases 
with isotopic signatures varying from those in samples further from major fluid conduits. 
Oxygen isotope analysis of carbonates from auriferous quartz-carbonate veins at Central 
Deborah reveal levels comparable to those found from wallrock carbonates from other 
samples. Data varied between 15.74 and 17.44 per mil. 
10.3 Carbon isotopes 
Carbon isotope analysis was undertaken on 13 samples, including both slate and 
sandstone wallrock samples, from a range of positions within the mineralised sequence, 
ranging from adjacent to mineralisation, to over 134 m from mineralisation. Carbon 
isotope data from the wallrock samples analysed vary from -11.4 per mil to -3.4 per mil 
(Figure 69). Wallrock samples furthest from mineralised structures display the lowest 
negative 8 13C values, whereas samples closer to mineralisation display significantly 
lower negative 813C values. One cone-in-cone carbonate sample also returned a very low 
negative value even though it was located some 90 m from mineralisation. 
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Figure 69: Distribution of carbon isotope data in whole-rock wallrock samples with 
respect to distance from mineralised structures. Sample lithol ogy is also labelled. 
The observed trend towards lower negative 8 13C values closer to major mineralised 
structures suggests that wallrock sediments closer to major hydrothermal fluid conduits 
(ie. mineralised structures) were exposed to hydrothermal flui ds enriched (relatively) in 
13C, whereas samples further from these conduits retain values approaching background 
values. The 8 C value of the cone-in-cone carbonate sample falls within the range of 
values expected from marine carbonates, which average a round 0 per mil (Hoefs, 1987). 
While samples closest to mineralisation display the most significant isotopic resetting 
relative to samples further away, it appears that the resetting of l3C extends some 70 m 
from mineralization. The propensity for low nega tive 513C values from samples closer to 
mineralisation suggests that the source of the carbon (as C O
 2) within the hydrothermal 
fluid was most likely from marine carbonate. This is not unexpected given the depth of 
the metamorphosed marine sequence underlyi ng the Bendigo goldfield. 
10.4 Sulphur isotopes 
Sulphur isotope analysis was undertaken on 8 disseminated pyrite grains from 6 wallrock 
samples located at varying positions within the wallrock sequence of diamond drill hole 
BD4. Grain and rim analysis w a s also undertaken on two ofthe sulphide samples using 
laser ablation in order to determine whether significant sulphur isotopic variation is 
observed between different stages of sulphide development. Samples varied from adjacent 
to mineralisation, to over 140 m distant from mineralisation. 
As seen in Table 14, sulphur isotope data from the samples analysed ranges from 1.44 %o, 
to 9.25 %o. Although the number of sulphur isotope analyses is limited, it seems that a 
trend of sorts is still visible. A s minerali sation is approached, samples become enriched 
with 32S relative to samples further from mineralisation. The sample closest to 
mineralisation, however, goes against this trend, as it clearly displays elevated 8 S. It 
should be noted however that this sampl es was from adjacent to the Deborah anticline, 
whereas the other samples were from closer to the Sheepshead anticline. This overall 
trend in sulphur isotopic composition as mineralisation is approached suggests that 
hydrothermal fluids have exposed the wallrock to an externally-sourced reservoir 
depleted in 34S. Background sedimentary sulphides are estimated by Gulson et al. (1988a) 
to approach +15 to +20 per mil. Only moderate variation between the 834S values of the 
256 
core and rim of sulphides was recorded, indicating that these grains, at least, are 
isotopically homogenous. 
Table 14: S34S values obtained from pyrite samples from within altered wallrock samples. 
Sample 
BD4E-330.95m 
BD4-656.6m 
BD4-651.6m 
BD4-638.6m 
BD4-617.2m 
BD4-521m 
Sample Code 
BD4e-1 
BD4e-2 
BD4e-3 
23no1 
23no2 
10 
12 
8no1 
8no2 
16no1 
16no2 
Distance to Min 
0 
0 
0 
6.5 
6.5 
11.1 
24.1 
45.5 
45.5 
141.7 
141.7 
Del M S per mil 
9.04 
9.25 
8.64 
3.22 
1.44 
4.14 
3.58 
3.44 
7.01 
6.51 
core/rim 
grain core 
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Figure 70: Distribution of sulphur isotope data with distance from mineralised structures. 
Chapter 11: Portable Infrared Mineral Analysis (PIMA) 
11.1 Introduction and methodology 
Portable infrared mineral analysis, or PIMA as it is more commonly known, is a relatively 
new analytical technique that has applications in the delineation and charac terisation of 
alteration systems (Merry and Pontual, 1996). In short, P I M A uses short wavelength 
infrared light to measure the spectral response of samples, with individual minerals and 
compositional variations within mineral species producing characterist ic spectra. A s 
outlined by Pontual et al. (1997), the bulk of absorption features detected using short 
wavelength infrared light relate to the distortion of chemical bonds in O H , H
 2 0 , C 0 3 and 
NH4. A s such, minerals suitable for analysis using P I M A include phyllosilicates, 
hydroxylated silicates (such as epidote and amphiboles), sulphates, carbonates and 
ammonium-bearing minerals (Pontual et al., 1997). It was envisaged that trialing P I M A 
on samples from Bendigo would allow for the identification of trends in compositional 
variation of alteration phases within the Bendigo goldfield which could be directly linked 
to the presence or absence of major gold -bearing structures. Also, it was hoped that any 
variation in mica composition would be identified using thi s technique. 
A total of 27 crushed wallrock samples from diamond drill hole BD4 were analysed using 
PIMA in order to trial the effectiveness ofthe technique in identifying wallrock alteration 
adjacent to auriferous structures within the Bendigo goldfield . The utility of P I M A as a 
technique in the exploration for major mineralised structures in the Bendigo goldfield was 
the primary objective of this trial. Initially, b o m rock chips and crushed powders were 
analysed in order to establish which produced the cleanest spectra. It was found that the 
previously crushed and dried samples returned from geochemical analysis produced more 
stable spectra, and hence these were used in order to maximise effectiveness ofthe trial. It 
is not intended that a detailed explanation ofthe complexities ofthe P I M A technique be 
entered into in this work See Pontual et al. (1997) for an excellent summary of the 
technique. 
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11.2 Results 
As mentioned previously, the alteration phases of primary interest in conducting this tria 1 
were the various carbonate phases, as well as the phyllosilicates. Data obtained from 
P I M A analysis are presented in the form of normalised profiles, with data being 
normalised in this case, against the Hull Quotient (Pontual et al., 1997). A s seen in 
Figures 71, 72 and 73, data can be presented as individual profiles, stacked profiles, or as 
graphical representations ofthe various minerals or species. The data processing program 
used to manipulate the raw P I M A data was The Spectral Geologist (TSG). This program 
is able to differentiate and express the relative strength of response from a range of 
minerals and species in graphical form. O f those available, the most applicable in this 
study were found to be the responses of Al, FeOH, M g against Ca, Fe 2+, and Al vs. M g + 
Ca. 
TSG also allows for the insertion of other quantitative data, such as geochemical data. As 
seen in Figures 72 and 73, plotting geochemical data with the P I M A responses further 
assists in determining what the P I M A responses represent. A ccording to Pontual et al. 
(1997), compositional variations in micas and carbonate phases are usually represented by 
shifts in the wavelength positions of diagnostic absorption features. These variations are 
then represented graphically using TSG. 
The graphical representation of the wavelength of the Al absorption feature displays a 
relatively constant level until around 1.9 m from mineralisation, when the wavelength is 
reduced (excluding sample B D 4 661.3, the post mineralisation dyke sample). This shift in 
the spectral response of Al is significant in that Al response is representative of changes 
in the properties, be they chemical or structural, ofthe main Al -bearing phase, that being 
the micas. The wavelength response of Al is clearly highest in the zo ne between the 
synclinal and anticlinal fold hinges, between 70 and 140 m from mineralisation. It m a y be 
significant that the Al response is also reduced in the synclinal hinge zone area. 
The graphical representation of the FeOH response also displays a r elatively constant 
level from samples further than 10 m from mineralisation. Samples closer to 
mineralisation display significantly reduced F e O H wavelength responses, particularly 
those within 5 m of mineralisation. This corresponds to an increase in the w avelength of 
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the Fe response of the same samples, which is likely a function of the increased 
sulphide and Fe-bearing carbonate content of samples closer to mineralisation. 
TSG also allows comparison of different wavelength features relative to one anot her. For 
example, in tins trial the Al absorption feature was plotted with the M g + C a feature to 
produce a function that compared the two. The graphical representation of Al relative to 
M g + C a shows very uniform values in samples between 7 and 190 m from min eralisation, 
whereas samples within seven metres of mineralisation display significantly reduced 
absorption spectra for Al relative to M g + C a . This trend clearly delineates a zone of strong 
variation in the chemical and structural properties of the main Al -bearing phases (micas) 
relative to that of the major M g - and Ca-bearing phases, the carbonates. This zone 
delineated through P I M A clearly corresponds to the most strongly altered wallrock meta -
sediments in the zones adjacent to major mineralised hydrothenn al fluid conduits. 
Graphical representation of the wavelength of the Mg relative to the Ca absorption 
features shows uniformly erratic distribution, suggesting little or no systematic variation 
in the chemical and or structural makeup of the main M g - and Ca-bearing phases with 
respect to distance from mineralisation. Calculation ofthe proportion of Al relative to M g 
from the P I M A data suggests a significant drop in the Al content of samples relative to 
M g in samples from within 7 m of mineralisation. This likely reflects a significant 
increase in the amount Mg-bearing carbonates in wallrock samples closest to 
mineralisation. 
While some clearly identifiable trends have emerged from this trial of PIMA on wallrock 
samples from the Bendigo goldfield, the high sulphide content of samples adjacent to 
mineralisation introduced a significant error into the data from these samples ( P I M A is 
unable to function to its full potential in samples with a significant sulphide content). This 
is particularly evident in the samples from Bendigo where significant error was 
introduced from the presence of only a couple of percent sulphides. Thus the subtle 
changes in the chemistry and structure of other phases present are likely to be less 
discernible and more erratic here. 
It should be noted that the data discussed here is somewhat limited in that it comes from 
only a relatively small number of samples. Likewise, interpretation of the data was 
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conducted to explore major trends identified, whereas detailed analysis of data by pe rsons 
more experienced in the use of P I M A and the associated software m a y enable further 
trends or features of alteration system to be identified. 
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Chapter 12: Discussion 
12.1 Introduction 
The world-class turbidite-hosted gold deposits ofthe Bendigo goldfield are archetypal in 
their representation of turbidite -hosted deposits the world over. A s such, the main aim of 
this study has been to characterise the alteration features of the wallrock that have 
resulted from the movement of hydrothermal, gold -bearing fluids through the folded 
sequence. A s outlined previously, wallrock alteration features associated with these 
turbidite-hosted deposits are n o w being recognised as significant. Another important facet 
of this study has been to assess the utility of wallrock alteration as an indicator of the 
presence of mineralised structures. A greater understanding of the characteristics of 
wallrock alteration in the Bendigo goldfield m a y help to predict proximity to major 
auriferous structures. To this end, a number of analytical and other techniques have been 
trialed in order to assess the prospect of their use in exploration. 
In this study, wallrock alteration within the Bendigo goldfield has been found to be 
significant and pervasive. This has important implications in terms of our understanding 
of the scale of the hydrothermal system that produced the deposit, as well as the 
application of our understanding of this system and the resultant wallrock alteration 
features for use in future exploration for gold -bearing structures both within the Bendigo 
field and elsewhere. Ofthe wallrock alteration features seen within the Bendigo goldfield, 
many occur to some extent in association with other turbidite -hosted gold deposits in b o m 
central Victoria and elsewhere. 
12.2 Comparison with other deposits 
The alteration assemblage associated with the vein -gold deposits ofthe Bendigo goldfield 
is not dissimilar to that encountered in other turbidite -hosted gold deposits both within 
Victoria and elsewhere. A s discussed in Chapter 2, wallrock alteration phases which 
typically occur in association with turbidite-hosted vein-gold deposits the World over 
include pyrite, arsenopyrite, sericite, carbonates, chlorite, + albite, quartz (as 
silicification), tourmaline, kaolinite, and a range of other minor sulphide phases. O f these, 
the bulk ofthe typical alteration phases were seen to occur within the wallrock sediments 
265 
of the Bendigo goldfield, including pyrite, arsenopyrite, caibonates and chlorite. 
Interestingly though, there was a distinct lack of sericitisation within the samples 
investigated. It seems that rather than the sericitisation of albite observed in many other 
deposits both in Victoria and overseas, albite is replaced by carbonate phases in the 
Bendigo field. Chloritisation, which seems to be another common alteration phase within 
many such deposits, is very limited in extent at Bendigo. Likewise, rather than th e 
silicification observed at some turbidite -hosted deposits, at Bendigo there is significant 
de-silicification of wallrock in proximity of major hydrothermal conduits. However, as 
stated previously, it seems likely that the co -location ofthe hydrothermal conduits within 
the hinges of major anticlinal structures, which were also zones of highest strain and the 
location of pressure solution cleavage seams, would have contributed to the removal of 
silica from wallrock sediments. 
Major and trace element trend s from Bendigo are also similar in many ways to those seen 
from other turbidite hosted vein-gold deposits. The addition of C 0 2 , K 2 0 , S, Fe203, 
M g O , LOI and S, as well as Au, As, Sb, Pb, Z n and C u as seen at Bendigo are also 
observed from the bulk of other turbidite-hosted deposits around the World. Likewise, 
the removal of Si0 2 and N a 2 0 are commonly observed. A s noted previously, the removal 
of N a 2 0 and the addition of K 2 0 in many deposits results in the sericitisation of albite. 
However, although these chemical trends occur within the wallrock sediments at Bendigo, 
there is no petrographic evidence of sericitisation from this study. It is unclear from this 
study, which phase or phases the K
 2 0 has been incorporated into. 
In comparison with some other central Victorian turbidite -hosted, vein-gold deposits, 
wallrock alteration at Bendigo displays similar trends but seemingly on a much larger 
scale. For example, wallrock alteration in the Ballarat West goldfield is characterised by a 
halo of hydrothermal arsenopyrite that extends up to several metres from mineralisation 
(similar to that seen at Bendigo), with an inner zone of bleaching and sericitisation up to 8 
m from the Guiding Star lode (Bierlein et al., 1998a). This alteration is accompanied by 
the development of carbonate porphyroblasts that extend some 15 m from mineralisation. 
In contrast, the carbonate porphyroblast development within the Bendigo field is 
regionally extensive, with carbonate porphyroblasts occurring within all samples taken, 
including those up to several hundred metres from mineralisation. Major and trace 
element trends from Ballarat West are also similar to those seen at Bendigo, including the 
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reduction of Cr content of wallrock sediments directly adjacent to mineralised veins 
(Bierlein etal., 1998a). 
Wallrock alteration in the Ballarat East goldfield is closer in extent to that seen at 
Bendigo, with characteristic arsenopyrite, pyrite, carbonate and sericite extending up to 
32 m , 62 m and 57 m , respectively (Bierlein et al., 2000). Similarly, major and trace 
element trends identified from wallrock samples are similar to those seen in this study. 
Besanko (1996) suggests significant hydrothermal fluid flow prior to the formation ofthe 
dominant Si foliation at Ballarat East, with the bulk of hydrothermal fluid flow occurring 
post-Sj formation. Likewise, it seems that significant hydrothermal fluid flow occurred 
within the wallrock sediments of the Bendigo goldfield prior to the formation of the 
dominant Si foliation, as evidenced by pre-Si alteration pyrite and carbonate, as well as 
sulphide- and carbonate-bearing quartz porphyroblasts. 
Wallrock alteration at Clunes in central Victoria is far more limited than the extensive 
alteration seen at Bendigo. At Clunes, narrow zones of bleachin g and carbonate 
porphyroblast development surround individual mineralised veins. Narrow chloritic + 
pyrite selvages and clots within the wallrock sediments are also seen there. Binns and 
Eames (1989) suggest dynamic hydrothermal fluid flow w a s responsible for the erratic 
distribution of carbonate porphyroblasts which, on the larger scale, do not correlate well 
with distance from mineralised veins. In addition to this however, as seen at Bendigo, 
wallrock inhomogeneity plays an important role in determining preferential fluid 
pathways within the sediments, and hence, the intensity of some ofthe alteration features. 
Chlorite destruction as a result of the hydrothermal fluid flow at Clunes led to the 
bleaching of the wallrock sediments and possibly released F e and M g which was then 
incorporated into the ankerite and siderite porphyroblasts in this same zone. The fact that 
significant geochemical changes at Clunes have been attributed by Stephens et al. (1979) 
to cleavage development is also interesting given t he geochemical signature of sediments 
in the Bendigo goldfield and the collocation ofthe more strongly altered sediments within 
zones of higher strain. Geochemical trends attributed by Stephens et al. (1979) to 
cleavage development include losses of Na, S i, M n and C a and the addition ofK. 
Wallrock alteration within sediments at the Wattle Gully mine in central Victoria is 
relatively extensive, with pyrite, arsenopyrite and carbonate occurring up to 5, 20 and 40 
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m, respectively, from mineralisation (Cox et al., 1995; Stuwe et al., 1988). Hydrothermal 
sericite and chlorite also occur up to 25 m from mineralised lodes here (Bierlein et al., 
1998a). Again, wallrock geochemical trends from Wattle Gully are similar to those seen 
at Bendigo, with increases in A1203, Fe20 3, K 2 0 , C 0 2 , S, As, and Au, whereas SiOa, 
N a 2 0 and F e O are seen to decrease as mineralisation is approached. Sulphur isotope data 
from Wattle Gully are not dissimilar from those obtained in this study, with 534S values 
approaching zero as minera lisation is approached. It is interesting however that the 
samples from Bendigo taken from closest to the mineralised vein returned anomalously 
high positive values. It is unclear whether this is part of a trend or represents an abnormal 
sample pair. Given that background diagenetic sulphur isotope values within central 
Victoria approach 20 per mil, it seems that samples from Bendigo some 160 m from 
mineralisation with values around 7 per mil are still within the alteration halo, having 
been affected by the isotopically light sulphur. Elevated A u values extend at least 5 m 
from mineralisation at Wattle Gully and according to Bierlein et al. (1998 a), possibly 
further again, whereas at Bendigo anomalous A u values occur in wallrock sediments 
within 7 m of mineralised structures. 
Wallrock alteration at Fosterville in central Victoria is characterised by the development 
of sericite, and carbonate that results in a bleached appearance (Arne et al., 1998a). 
Again, it seems that albite has been sericitised, whereas chlorite has been replaced by 
carbonate phases. Arsenopyrite and pyrite accompany these alteration phases and are 
intimately linked to the gold content ofthe sediments themselves. Although S E M analysis 
of carbonate phases undertaken in this study suggest a progression from ank eritic towards 
sideritic and Mg-sideritic composition with time, analysis of altered samples from 
Fosterville suggests a trend from siderite to more calcium -rich carbonates with time. Arne 
et al. (1998a) suggest changes in mica chemistry within the altered zone at Fosterville. 
Unfortunately, time constraints placed on this study prevented detailed compositional 
analysis of mica phases. 
Similar trends are identified from a number of other central Victorian deposits, with 
features such as wallrock arsenopyritisation, pyritisation, sericitisation, and 
carbonatisation being ubiquitous. It is largely the extent and form of alteration haloes that 
are significantly different from deposit to deposit. It is the sheer extent of wallrock 
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alteration at Bendigo that sets it apart from other deposits of central Victoria. It has been 
shown that wallrock alteration at Bendigo extends over 200 m from the nearest major 
mineralised structures, with such features as intense arsenopyritisation extending over 10 
m from vein margins, as well as disseminated pyrite and carbonate porphyroblasts 
disseminated throughout the study area. 
The results of this study are largely in agreement with other published works on alteration 
in the Bendigo field. For example, Li and K w a k (1996) suggest wallrock alteration 
extending up to 150 m from mineralisation on the Nell G w y n e anticline, whereas Sharp 
and MacGeehan (1990) recognised coarse -grained arsenopyrite in wall rock sediments up 
to 20 m from mineralisation. Li et al. (1998) recognise hydrothermal sericite, chlorite, 
carbonates and sulphides as the major alteration phases on the Nell G w y n e anticline. Only 
minor hydrothermal chlorite was encountered in this study, where it was intimately 
associated with quartz-chlorite veining and within pressure shadows of large arsenopyrite 
laths. Likewise, the hydrothermal sericite documented by Li et al. (1998), was not 
encountered in this study. The significant distance between the area studied by Li et al. 
(1998) and Li and K w a k (1996), and that used in this study, along with the fact that the 
mineralised systems studied occur on different structures, suggest it is quite possible that 
significant differences in alteration assemblages could occ ur, particularly given the domal 
nature of the Bendigo field, with the area used in this study far closer t o the core of this 
dome structure. It has been suggested that the presence of a dome structure has 
influenced the gold content of these laterally extensive structures, with more gold being 
produced from mines closer to the core ofthe structure (Turnbull pers . c o m m , 1999). It is 
possible that this dome structure could have played some part in creating different 
alteration conditions in different parts ofthe field. 
Li et al. (1998) suggest a somewhat plume-like alteration halo developed along the Nell 
Gwynne anticline, just below a particular shale unit. The results of this study show 
extensive alteration within proximity to the major sub -vertical hydrothermal fluid 
conduits. It therefore seems likely that any alteration halo would mimic the most 
expedient fluid pathway, which it seems would be centred on anticlinal structures. Li et 
al. (1998) also suggest a carbonate paragenesis from siderite through to calcite with 
decreasing Fe and M g content with time. This is the antithesis of what has been shown to 
occur within wallrock samples from the Deborah and Sheepshead lines further north. 
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As stated b y Li et al. (1998), it seems more than coincidence that the largest goldfield 
within central Victoria, namely Bendigo, also possesses deposits with the most extensive 
alteration haloes. It is likely the large alteration haloes seen at Bendigo, such as that 
described in this study are reflective of massive and dynamic hydrothermal fluid flow, 
driven at depth by the onset of deformation that in turn led to structural tightening which 
created the pathways through which the upward migrating fluids passed. It is clear that 
the extent of alteration haloes seen associated with deposits of the Bendigo field is 
intimately linked with the progression of both regional - and deposit-scale structures 
which acted as the dominant fluid pathways. It is these structures and their evolutionary 
history, as well as the permeability and reactivity of the wallrock se diments which 
controlled the hydrothermal fluid pressure, which again is a major controlling factor on 
the nature and extent of alteration. 
From the extent of alteration observed at Bendigo, it seems that large volumes of 
hydrothermal fluid were able to maintain significant fluid pressures over a long period in 
order to develop an extensive regional -scale alteration halo. A feature c o m m o n to 
turbidite-hosted, vein-gold deposits throughout the World is the link between gold 
mineralising hydrothermal fluids and the presence and location of major, structurally -
developed, hydrothermal fluid conduits. A s mentioned previously, it is the passage of 
hydrothermal fluids within these conduits, the structural history of the conduits 
themselves, and the nature of the wallrock and the hydrothermal fluids that control the 
development of wallrock alteration features. 
A common feature of many central Victorian deposits is the presence of sulphur isotope 
signatures revealing an external source for sulphur. It is likely that the source of sulphur 
was the sediments and greenstones which are thought to underlie this part ofthe western 
Lachlan fold belt. The presence of numerous pre - to syn-S i sulphidic quartz 
porphyroblasts is particularly interesting given that the composit ion of these features 
seems to vary with distance from mineralised structures. While occurring at several 
localities throughout central Victoria (McKnight pers . c o m m . 1999), these features have 
received no attention in the literature. Likewise, no examples of quartz porphyroblasts 
have been reported in the literature from turbidite -hosted, vein-gold deposits overseas. 
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1 2 3 Assessment of analytical techniques and their application in exploration. 
As mentioned previously, an important aim of this study has been to trial a number of 
analytical techniques and assess h o w successful or helpful they are in understanding the 
alteration system and predicting the proximity to mineralised structures. In assessing the 
utility of the various analytical techniques, a nu mber of factors must be considered, 
including the ease with which the data are obtained (ie. sample preparation and time for 
analysis) together with any associated cost and h o w accurately the technique enables a 
quantification of either the strength of alt eration or proximity to mineralisation. In 
addition to these, the ability of the various techniques to assist in analysis and 
interpretation of alteration relationships and sample scale alteration features is important 
in determining their utility. 
The visual assessment of wallrock alteration features is important in that it allows an 
assessment of alteration relationships of entire sections of exposure both underground and 
above ground, as well in drill core, and allows the resultant observations to be mapped for 
use as a reference point. This is critical in gaining a background understanding of the 
distribution and nature of macro-scale alteration features prior to sampling and 
application of other techniques. While the visual assessment of alteration f eatures is 
subjective and lacks the accuracy of other analytical techniques, it can be done on 
location and gives an understanding of the relationships between wallrock sediments, 
mineralised vein sets, and alteration features. Visual assessment of alterat ion is 
particularly important in recognising the presence of arsenopyrite adjacent to mineralised 
structures, as other techniques rely on the inclusion of large arsenopyrite twins and laths 
in the samples taken to give an indication ofthe A s content. 
Penological examination of wallrock samples is particularly useful in developing an 
understanding ofthe relationships between the different alteration phases and the original 
sedimentary or metamorphic phases, as well as their relationships with any structu ral 
fabrics within the samples. While giving an understanding of the above relationships, 
penological examination can be time consuming and requires some specialised laboratory 
preparation of samples. Likewise, it gives only a qualitative view ofthe samp les selected 
and it is difficult to interpret the strength of alteration on the basis of these small 
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individual samples. Indeed, entire suites of samples are needed to obtain a more accurate 
picture ofthe extent and nature of alteration. 
Scanning electron microscopy (SEM) has been critical in determining the compositional 
variation of different mineral phases, and hence in understanding the alteration mineral 
paragenesis. This has allowed an understanding of the relationships between different 
mineral phases in different parts ofthe alteration system. In terms of ease of application, 
S E M requires significant technical expertise for thorough sample examination. Also, 
relative to some ofthe other techniques trialed, S E M can be time consuming. While being 
critical in developing an understanding of alteration mineral phases, as well as 
compositional variation and relationships between phases, S E M is somewhat less helpful 
in directly assessing the relative strength of alteration and proximity to mineralisation . 
Quantitative X-ray diffraction (XRD) has been invaluable in determining the relative 
proportions ofthe different mineral phases within the altered wallrock samples, as well as 
the likely replacement of sedimentary and metamorphic phases. In turn, this has allowed 
an assessment of the relative strength of alteration and hence, the proximity of given 
samples to mineralised structures. The detection of different carbonate phases and their 
distribution throughout the sample sequence was particularly valuabl e. O n e problem 
identified from the use of X R D has been the technique's inability to quantify the 
arsenopyrite content of samples. Given the prevalence of arsenopyrite as an alteration 
phase, this hampers the technique's ability to assist in accurately dete rmining the extent 
of wallrock alteration. X R D analysis can be time consuming given the amount of 
computer interpretation needed to understand the raw data and, again, this technique is 
better applied to a suite of samples rather than isolated dispersed sa mples. 
Geochemical analysis of wallrock samples has been particularly useful in identifying 
significant trends within altered wallrock relative to the proximity of major hydrothermal 
fluid conduits. Examples of such trends include the detection of elevate d As, S, C 0 2 , 
M g O , Cu, Pb and Z n levels centred on major mineralised structures. Geochemical 
analysis also allows a quantitative assessment of the relative strength of alteration and, 
hence, an interpretation of proximity to mineralisation. In terms of uti lity in deteimining 
the likely presence or absence of mineralised structures, geochemical analysis is probably 
the most useful of any single analytical technique. 
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The statistical analysis of both geochemical and X R D data has proven useful in allowing 
a more accurate assessment of the utility of the data itself. Statistical analysis has been 
particularly valuable in determining background and threshold values for geochemical 
data, as well as for determining relative gains and losses of different phases re lative to 
unaltered wallrock. Statistical analysis has also partly countered the effect ofthe constant 
sum problem. Statistical analysis of data, particularly geochemical data, is critical in 
obtaining a realistic picture ofthe alteration system. 
Stable isotope analysis, while limited in its use in this study, was able to confirm 
significant trends identified using other techniques, as well as providing results for 
comparison with those from other studies in central Victoria. Also, through the use of 
stable isotopes it has been possible to show that the hydrothermal fluids responsible for 
the development of this vein-gold system were derived externally, most likely from 
metamorphic dewatering of sediments and, possibly, ocean floor basalts at depth. 
The results obtained using PIMA analysis of wallrock samples from the Bendigo area 
suggest that P I M A is able to detect some of the changes that resulted from the 
hydrothermal alteration of wallrock adjacent to mineralised structures. It should be noted 
that the data obtained were somewhat limited in that it came from only a relatively small 
number of samples. Likewise, interpretation of the data was conducted to explore major 
trends identified, whereas detailed analysis of data by persons more experienced in the 
use of P I M A and the associated software m a y enable further trends or features of 
alteration system to be identified. A significant problem identified in the use of P I M A on 
alteration systems characterised by zones of sulphidation directly adjacent to 
mineralisation, such as seen at Bendigo, seems to be that the sulphide content, though not 
particularly high, introduces a significant error into the data by creating background noise 
over the breadth ofthe absorption spectra. While the application of P I M A analysis in this 
study was by no means detailed or exhaustive, it seems that of the techniques trialled, 
P I M A was the least useful. However, as noted previously, having someone experienced in 
the manipulation and interpretation of P I M A absorption spectra would most likely 
significantly increase its utility. 
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Chapter 13: Conclusions and Recommendations for Further Work 
13.1 Conclusions 
The movement of hydrothermal gold -bearing fluids through the wallrock adjacent to 
major structural fluid conduits within the Bendigo goldfield has resulted in significant 
changes in both the physical and chemical characteristics of these wallrocks. The most 
obvious visible wallrock alteration features within the Bendigo goldfield include intense 
carbonatisation, pyritisation, and arsenopyritisation. These features were observed from 
both surface and underground exposure as well as from diamond drill core throughout the 
study area, and occur directly as a result ofthe passage of large volumes of hydrothermal 
fluids through the sequence. 
Carbonate occurs within wallrock sediments both as disseminated porphyroblasts and as 
zones of intense carbonatisation, the latter occurring more often directly adjacent to 
quartz-carbonate veins. Carbonate porphyroblast development appears to be relatively 
well developed throughout the wallrock s equence in Bendigo, with only minor increases 
in the observed concentration of porphyroblasts adjacent to mineralised veins. The 
concentration of porphyroblasts within individual sedimentary beds is controlled largely 
by the lithology of the sediment. Carbonate porphyroblasts tend to be better developed 
and of higher concentration (at least visually) in finer grained slates than in sandstone and 
siltstone beds. O n the other hand, intense carbonatisation occurs more commonly within 
sandstone units, presumably as a result ofthe increased permeability of these units. Many 
carbonate porphyroblasts within the wallrock sediments are visibly zoned and in some 
instances, carbonate porphyroblasts contain pyrite cores. The bulk of porphyroblasts 
within wallrock sediments appear to post-date the dominant Si foliation, although some 
are clearly aligned parallel to the S i foliation suggesting a syn - to post-Si timing. The bulk 
of carbonate porphyroblasts that possess cores of pyrite and/or other sulphides are 
elongated parallel to the S i foliation, suggesting a somewhat earlier timing relative to 
other carbonate porphyroblasts. Iron - and magnesium-bearing carbonate porphyroblasts 
replace sedimentary and metamorphic iron - and magnesium-rich phyllosilicate phases, 
although carbonate porphyroblasts also replace both quartz and albite clasts. 
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Carbonate porphyroblasts that display well developed zoned rhombic habit are restricted 
to within 35 m of major mineralised structures. Likewise, zoning of carbonate 
porphyroblasts is only c o m m o n within 50 m of major hydrothermal fluid conduits. This is 
most likely due to the increased hydrothermal fluid flow within wallrock sediments closer 
to the major fluid conduits themselves, which in turn provides a more constant 
environment in which the porphyroblasts can form. Likewise, there is a vague 
correlation between the crystallinity of carbonate porphyroblasts and distance to major 
mineralised structures, with the better developed, more crystalline porphyroblasts being 
somewhat more prevalent closer to the major hydrothermal fluid conduits. 
On the hand sample and thin section scale, it seems the presence of quartz -carbonate 
veinlets strongly influences the extent of alteration carbonate. Individual units that are 
intersected by such vei ns will commonly display intense zones of carbonatisation or 
intense carbonate porphyroblast development. S E M analysis of carbonate porphyroblasts 
is suggestive of a trend from the development of Ca - and Mn-rich ankerite porphyroblasts 
pre- to syn-Si towards siderite and magnesian siderite post-Si, with the M g content 
increasing with time. The presence of ankerite in pre - to syn-S i quartz-carbonate veinlets 
supports mis evolutionary trend. Siderite occurs more commonly as a vein carbonate 
phase closer to major hydrothermal fluid conduits, suggesting that siderite formed from 
later stage hydrothermal fluids. From the limited number of thin sections prepared and 
examined, it seems that veins containing significant magnesian siderite were largely 
emplacedpost-Si. 
Carbonates associated with sulphides have a typically sideritic composition, whereas 
carbonates associated with the characteristic wallrock arsenopyrite twins and laths are 
typically high-Mg siderite. This viewed in isolation suggests that arsenopyrite was 
developed as an alteration phase quite late in the paragenesis. However, given that 
carbonate in general underwent a shift toward M g -rich compositions over time, it is also 
possible that the M g siderite associated with the arsenopyrite replaced les s Mg-rich 
carbonate phases or was itself simply produced late in the alteration paragenesis. 
The distribution of ankerite and siderite within wallrock sediments as seen from XRD 
analysis is also suggestive of the replacement of earlier M n -rich ankerite by later 
carbonate of sideritic composition. The reduction in the M n content of samples is also 
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reflected in the reduction of M n O adjacent to mineralisation, as indicated from 
geochemical analysis, whereas the propensity of major hydrothermal fluid conduits to 
have provided the major source of C O
 2-rich fluids is indicated by the significantly 
elevated C 0 2 levels in samples closer to mineralisation. The intensity of wallrock 
alteration is in many ways, best illustrated by the C 0 2 content of samples, with 
significantly elevated C 0 2 levels occurring within 15 m of major anticlinal and synclinal 
hinge zones, and slightly elevated C 0 2 levels within 40 m of anticlinal structures. 
Gain/loss data calculated for C 0 2 phases suggest the bulk of C 0 2 gain within samples 
occurred within 60 m of major mineralised structures. Oxygen isotope data from 
carbonate phases is suggestive of significant disturbance/resetting within 20 m of major 
mineralised structures, suggesting the bulk of hydrothermal fluid flow within the wallroc k 
sequence occurred within this zone. The resetting of carbon isotopes extends some 70 m 
from mineralisation, with the most significant resetting occurring within 5 m of 
mineralised structures. 
It seems an extensive carbonate alteration halo envelopes mos t, if not all, wallrock 
sediments in the vicinity of the mineralised vein systems. The extent of this halo, as 
suggested by this study, is at least several hundred metres distant from major 
hydrothermal fluid conduits. The most significant portion of this alteration halo occurs 
within 70 to 80 m of major mineralised hydrothermal fluid conduits, but extends as 
disseminated carbonate porphyroblasts well beyond this zone. 
A range of sulphide phases occur within wallrock associated with major mineralised 
structures in the Bendigo goldfield. A s mentioned previously, the most prevalent and 
obvious of these are pyrite (which occurs in a range of forms) and large arsenopyrite laths 
and twins. Other sulphide phases that occur within these wallrock sediments include 
chalcopyrite, galena, and sphalerite, as well as other nickel -, antimony-, cobalt- and 
arsenic-bearing sulphides. 
Pyrite occurs throughout the altered sequence, although there are clear lithological 
controls over the intensity of its development. For exam pie, pyrite is particularly well 
developed near the margins of black slate units, particularly where these are adjacent to 
permeable sandstone units. There exists a trend towards increased pyrite content within 
wallrock sediments as major hydrothermal flui d conduits are approached. Also, the pyrite 
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that occurs closer to these structures occurs as large and well formed euhedra. The bulk of 
hydrothermal pyrite which is seen within the wallrock sediments appears to overprint S i 
related features and phases. Le sser pre- to syn-S i pyrite occurs in association with pre - to 
syn-S i carbonate porphyroblasts, as well as within quartz porphyroblasts, where it can 
possess inclusions of sphalerite, chalcopyrite and arsenopyrite. Pyrite, while occurring 
within both coarse and fine-grained lithologies, is less erratic in its distribution within 
slate samples, where an increase in pyrite content occurs as mineralised structures are 
approached. The elevated sulphur content observed from geochemical analysis of 
wallrock samples closer to mineralisation reflects primarily an increase in pyrite and 
arsenopyrite content (these being the dominant sulphide phases). This elevated sulphur 
content extends some 30 m from mineralisation. Likewise, mass transfer analysis of data 
suggests significant gains of sulphur within 20 -25 m of mineralised structures. 
The other main hydrothermal sulphide phase, arsenopyrite, occurs visibly in wallrock 
sediments within 10 m of major mineralised structures and within a couple of metres of 
smaller auriferous structures. Arsenopyrite laths and twins completely replace and 
overprint pre-existing phases and are randomly oriented. The arsenopyrite viewed in hand 
sample and thin section appears to overprint the dominant S i foliation, but in some 
samples is post-dated by a weak, post-Si, anastomosing foliation, which likely formed as 
a result of late, post-Si structural tightening in the hinges of major anticlinal structures. 
These also happen to be the loci of major hydrothermal fluid conduits, and hence 
arsenopyrite development. The occurrence of arsenopyrite within pre - to syn-S i quartz 
porphyroblasts, as well as the large post-Si laths and twins, is suggestive of a prolonged 
period of arsenopyrite development. 
Deformation also resulted in the developmen t of quartz/carbonate -filled fractures in many 
arsenopyrite laths and twins. The distribution of arsenopyrite within wallrock sediment is 
strongly controlled by the presence and location of mineralised veins, with the 
concentration of arsenopyrite being g reatest directly at the margins of such veins. The 
intimate relationship between arsenopyrite and gold is well displayed by the lack of both 
gold and arsenopyrite within strongly carbonate -altered and pyrite-bearing wallrock from 
diamond drill hole SddOl, from the south of the main project area. The arsenopyrite 
content of wallrock samples clearly increases adjacent to large auriferous hydrothermal 
fluid conduits, as reflected by the arsenic content of samples revealed through 
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geochemical analysis. Significant additions of A s to wallrock sediments (particularly 
slates) occur within 40 m of mineralised structures, with particularly strong arsenic gains 
within 7 m . Arsenic gains were also seen to occur within several metres of minor 
structures in the cores of synclines, suggesting the movement of significant volumes of 
As-bearing fluids in these zones also. Statistical analysis of geochemical data suggests 
that arsenic was introduced with the hydrothermal fluids. 
Other, more exotic sulphide species, includin g a range of As-, Co-, Ni-, and Sb-bearing 
sulphides, as well as very minor chalcopyrite, galena and sphalerite, occur exclusively in 
association with very early, pre-Si carbonate porphyroblasts and enigmatic pre -Si quartz 
porphyroblasts. The sulphide cont ent of these quartz porphyroblasts has been shown to 
vary with distance to mineralisation, with the more exotic sulphide species, as well as 
arsenopyrite, being restricted to samples within 20 m of mineralised structures. The 
presence of these sulphid e-bearing quartz porphyroblasts that are clearly spatially linked 
to auriferous structures, suggests the composition of the fluid from which they were 
derived (pre- to syn-Si) infiltrated the wallrock sediments, and was significantly different 
compositionally than later fluids. The sulphide content of these quartz porphyroblasts was 
not dissimilar to that seen in several narrow folded pre - to syn-S j quartz carbonate 
veinlets. Again, these early sulphides are accompanied by M g -siderite, as are the quartz 
porphyroblasts. This suggests that pre- to syn-Si sulphides and veins formed from a 
separate early phase of hydrothermal fluid which resulted in the production of sideritic 
and Mg-sideritic carbonate, whereas later fluids evolved in composition resulting in the 
development of ankerite through to siderit e and M g Siderite with time. 
Trace element analysis of wallrock samples revealed elevated Au, As, Sb, Mo, Cu, Co, Pb 
and Z n adjacent to mineralised structures that can be explained, at least in part, by the 
presence of these enigmatic sulphides associated with the quartz porphyroblasts near 
major mineralised structures. The examination of these features in this study was by no 
means exhaustive, and their origin remains unclear. It is clear however that given their 
varying composition and occurrence adjacent to mineralised structures , they warrant 
further close examination. 
The distribution of chlorite within wallrock sediments is interesting in that both the 
removal and addition of chlorite occurred at different phas es of alteration development. 
278 
Chlorite has clearly been removed from wallrock surrounding major auriferous structures, 
whereas limited chloritisation is associated with lesser, post-deformational quartz-chlorite 
veining (as seen within the Swan Decline sec tion) which is barren of gold, as well as 
some pre- to syn-Si bedding-parallel quartz-chlorite-carbonate veins. Chlorite occurs also 
in the pressure shadows of late stage arsenopyrite laths and twins, where it occurs with 
both quartz and carbonate. The pre sence of alteration chlorite within the wallrock is 
intimately linked to the presence of vermicular vein chlorite, and while it is certain that 
chlorite was introduced with a certain phase ofthe hydrothermal fluid, there appears to be 
a lack of any relationship with gold mineralisation, given the lack of gold within veins 
that possess hydrothermal vermicular chlorite. 
It seems likely that the destruction of metamorphic chlorite from wallrock sediments 
adjacent to major mineralised structures is intimately related to the development of 
Fe/Mg-bearing carbonate phases within these same sediments, with the destruction of 
chlorite resulting from the passage of the hydrothermal fluids that released Fe and M g 
that would then have been available for incorporation into the carbonate phases. It is 
unlikely that the amount of Fe- and M g - required to form the volume of Fe- and M g -
bearing alteration carbonate would have been sourced solely from the chlorite, as 
evidenced by the presence of significant vein siderite and Mg-siderite. 
The effect of wallrock alteration on the other phyllosilicate phases within the study area is 
minimal. There is an apparent gain of muscovite within 5 m of mineralised structures. 
However, this is likely to be an apparent feature only, as a result of the removal of a 
significant volume of quartz within this same zone. Limited potassic alteration is 
suggested from the increased K 2 0 values within samples adjacent to mineralised 
stractures, although no obvious potassic alteration features, such as sericitic alteration of 
albite, were observed from either X R D or thin section petrography ofthe samples studied. 
It seems that, rather than well-developed sericitic alteration, as seen in other central 
Victorian deposits, this has been replaced by a far more pervasive carbonate alteration 
halo. The destruction of albite is seen as a reduction in the N a
 2 0 content of samples 
within 10 m of mineralisation, and is represented in thin section by the replacement of 
albite by siderite and Mg-siderite porphyroblasts. 
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The migration of hydrothermal (and at some stage auriferous) fluids up through the 
deforming sediment pile within the Bendigo goldfield resulted in significant and 
pervasive alteration of the wallrock. It is clear from the study of the wallrock, as well as 
the distribution of alteration mineral phases within it, that the bulk of the hydrothermal 
fluids that passed up through the sequence were focused through major structural 
pathways in the hinges of the then forming anticlines and, to a much lesser extent, 
structural pathways in the hinges of synclines. The extent of wallrock alteration is also 
strongly dependent on the nature and orientation of the nearest significant vein set, 
particularly in proximity to anticlinal fold axes. Alteration is more extensive adjacent to 
discordant quartz-carbonate vein sets than bedding -parallel veins. 
The presence of significant gold within early bedding -parallel veins, as well as within 
later post-fold spurs and discordant vein sets suggests a prolonged or multip hase injection 
of auriferous fluids. A s the wallrock sediments surrounding these major fluid conduits 
were exposed to each fluid as it passed through the sequence, overprinting of numerous 
alteration features would be expected. The paragenetic sequence of alteration mineral 
phases as represented in Chapters 5 and 6 reveals that the development of the alteration 
mineral assemblages occurred over a protracted period both pre - to syn- and post-Si 
deformation. In the main, the features which are seen to have oc curred pre- to syn-S i 
development include: 
• Chloritisation associated with bedding -parallel quartz chlorite veins and zones of 
significant bedding-parallel slip 
• The development of ankeritic carbonate porphyroblasts and associated pyrite. 
• The development of numerous sulphide-bearing quartz porphyroblasts usually 
associated with siderite. 
Alteration features developed post -Si include 
• Extensive carbonate porphyroblast development, trending from a n ankeritic to 
sideritic and Mg-sideritic composition with time. 
• Intense carbonatisation of sandstone beds due to C O
 2 flooding. 
• The development of the bulk of the pyrite euhedra 
• Arsenopyrite development 
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From the timing relationships observed, it seems that the nature and activity of the 
hydrothermal fluid evolved with time. Initially minor siderite was developed in 
association with quartz porphyroblasts adjacent to major structural conduits, as well as the 
injection of quartz chlorite veins, particularly along planes of bedding -parallel slip. 
Progressively, more carbonat e porphyroblasts were developed, trending from ankerite to 
siderite with time, while more sulphide phases were developed within the wallrock 
adjacent to the fluid conduits. 
From the trends identified in this study it is clear that the hydrothermal fluid t hat resulted 
in the precipitation of significant gold-bearing quartz-carbonate veins underwent 
significant physical and chemical changes over time, as evidenced by the changes in the 
alteration assemblages with time. However, there is insufficient informat ion to suggest 
that separate discrete hydrothermal events occurred. Rather, hydrothermal alteration 
features observed developed from an evolving hydrothermal system. 
As mentioned previously, wallrock alteration within the Bendigo goldfield ranges in its 
visual expression from very weak and dispersed carbonate porphyroblast development, 
through to zones of intense zoned carbonate porphyroblasts, pyrite and arsenopyrite, as 
well as quartz porphyroblasts. It is clear from studying a representative portion of the 
field that the intensity of wallrock alteration features and their expression is controlled 
primarily by the location of the wallrock sediments with respect to the nearest major 
hydrothermal fluid conduit. From the distribution of alteration mineral ph ases it is also 
clear that the bulk of the hydrothermal fluids that resulted in the formation of the 
numerous auriferous reefs and saddles within the region were focused alon g faults and 
fractures centred o n the cores of major anticlinal structures. These open spaces would 
have begun forming relatively early in the folding process, and formed ideal pathways for 
the upward migrating hydrothermal fluids. The end result of this fluid migration is a 
series of stacked and interconnected quartz -filled structures with varying amounts of gold, 
carbonate, pyrite, arsenopyrite and a range of other vein minerals. The restricted and 
complicated nature of fluid migration within these structures necessitated the passage of 
large volumes of hydrothermal fluids through the wallrock sediments themselves. The 
sediments closest to these fluid conduits are exposed to greater volumes of hydrothermal 
fluids over a more consistent and extended time period, and thus it is these sediments that 
display the greatest range and the most intense wallrock alteration features. Hence, 
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generally, the strongest and most intense wallrock alteration features are centred 
vertically along major anticlinal fold axes, as evidenced by the presence of strongly 
altered wallrock sediments along virtually the entire length of diamond drill hole 
BD4012, which was drilled vertically along th e Sheepshead anticline (Figure C). 
13.2 Recommendations for further work 
While wallrock alteration at Bendigo has been investigated from several different angles, 
there are a number of interesting features that need further detailed investigation. 
Although clear and significant trends have been recognised with respect to the alteration 
carbonates at Bendigo, there remains scope to take a closer look at the different car bonate 
alteration phases and their distribution throughout the field. O f particular interest is the 
evolution of hydrothermal fluids over different structures in the field, as evidenced by the 
type and distribution of alteration carbonates developed. A s m e ntioned previously, the 
carbonate paragenesis identified in this study is significantly different to that identified by 
Li and K w a k (1999) further south in the field. It will be important to establish whether 
significantly different alteration paragenetic sequences developed in different parts ofthe 
field. 
The origin and significance of the numerous pre - to syn-S i sulphidic quartz 
porphyroblasts is somewhat enigmatic and, while found elsewhere in central Victoria, 
their composition here at Bendigo is v ery interesting. In particular, the association with 
siderite as well as a range of exo tic Ni-Co-As-Cu-Pb-Zn sulphides and the fact that their 
composition seems to vary with respect to distance from mineralised structures appear to 
be significant. These porphyroblasts clearly warrant further close examination to 
determine their relationship to the mineralising fluids and whether the timing of their 
formation relates to gold deposition. 
Although the large arsenopyrite laths and twins found adjacent to minerali sed structures 
in the Bendigo goldfield have been recognised as being linked with gold mineralisation, it 
still remains to be established just h o w intimately the development of arsenopyrite and the 
precipitation of vein gold are linked. A s has been shown i n this study, arsenopyrite 
distribution is one of the most reliable indicators of the passage of mineralising 
hydrothermal fluids. One ofthe more important factors controlling gold deposition which 
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needs to be established is the precise nature ofthe spatial relationship between gold and 
arsenic at Bendigo. 
Also, as noted previously, chlorite occurs as an alteration phase both in its own right, in 
association with barren quartz-chlorite veining and, to a lesser extent, associated with 
large arsenopyrite twins and laths adjacent to major auriferous structures. The 
significance of this alteration chlorite needs to be further explored in order to better 
understand the entire alteration system at Bendigo. Further investigation s on the 
composition ofthe alteration chlorite m a y shed some light on its origins, and m a y be able 
to be used in conjunction with other features to indicate proximity to mineralisation. A s 
alteration sulphides form an extensive halo surrounding mineralised structures at 
Bendigo, it will be critical to further examine these phases and their distribution 
throughout the alteration system. In particular, microprobe analysis could be used to 
investigate minute compositional variations both within and between sulphides 
throughout the field. 
Scanning electron microscopy will be an invaluable tool in undertaking further 
investigation of the alteration phases and their relationship to one another and , in tum, to 
gold-bearing structures. A n important step in further investigating the nature and extent of 
wallrock alteration at Bendigo will be to undertake a full geochemical investigation of 
one or more unmineralised structures in the region in order to provide a reference point 
for use in comparing the effects of wallrock alteration associated wi th mineralisation 
against similar rock lithologies that have not been subjected to large volumes of upward 
migrating hydrothermal fluids. It is possible that some of the geochemical trends and 
features observed in this study, such as the removal of albite and quartz adjacent to 
mineralised structures, m a y in fact be related to other non -alteration related processes, 
such as pressure dissolution in the hinges of anticlines. 
There exists significant scope for further investigation into the effects of wallr ock 
alteration within the Bendigo goldfield and, as has been demonstrated in this study, a 
better understanding of these features can be used not only to improve our knowledge of 
the goldfield and the geological processes that led to its formation, but can give explorers 
a significant advantage when searching for the elusive gold-bearing structures within. 
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